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ABSTRACT
This work mainly includes two parts: the theoretical predictions and observational results on the
correlation of SFR and gas-phase metallicity Zgas. We first predict the correlation between SFR, cold
gas mass and Zgas in the gas-regulator frame that the instantaneous SFR is regulated by the interplay
between inflow, outflow and star formation. The mean SFR is determined by mean inflow rate and
mass-loading factor λ, while the mean Zgas is determined by the metallicity of inflow gas Z0 and the
effective yield (yeff ≡ y/(1 + λ)). The SFR and Zgas relative to their mean values, denoted as ∆SFR
and ∆Zgas, are found to be negatively (or positively) correlated when driving the gas-regulator with
time-varying inflow rate (or SFE). We then study the correlation of ∆sSFR and ∆Zgas (defined in a
similar way as in the model) from the observation, at both ∼100 pc scale and galactic scale based on
two 2-dimensional spectroscopic surveys with different spatial resolutions, MAD and MaNGA. The
metallicity increases strongly with global stellar mass across galaxy population, and decreases with
galactic radius within individual galaxies, which can be interpreted as the mass and radial dependence
of Z0 and yeff . After taking out the mass and radial dependence, we find that ∆sSFR and ∆Zgas
are found to be, negatively correlated at galactic or sub-galactic scale across galaxy population, and
positively correlated at ∼100 pc scale within galaxies. This strongly supports the conclusion that
the star formation is primarily driven by the time-varying inflow at galactic scale, and driven by the
time-varying SFE at ∼100 pc scale. Furthermore, at sub-galactic scale, the variation of ∆sSFR and
∆Zgas as a function of gas depletion time are well matched with the model predications of time-varying
inflow rate, strongly strengthening our conclusion. We build a comprehensive frame to understand
the correlation between SFR, cold gas mass and metallicity, as well as the variability of them, which
potentially uncovers the relevant physical processes of star formation at different scales.
Subject headings: galaxies: general – methods: observational
1. INTRODUCTION
Heavy elements, ”metals”, are produced in the uni-
verse through nuclear synthesis in massive stars, and are
partly returned to the interstellar medium via the ex-
plosive collapse of supernovae. The gas-phase metallic-
ity of galaxies is therefore a powerful diagnostic of the
different processes in galaxy evolution, including gas in-
flow, star formation in cold gas clouds, and wind-driven
outflows of gas from galaxies. The Oxygen abundance,
mostly produced on short time-scales (a few Myr) by
the rapid collapse and violent explosion of massive stars,
i.e. the Type II supernovae, is widely used as an ob-
servationally accessible proxy of the metallicity of the
gas in galaxies (e.g. Lequeux et al. 1979; Wheeler et al.
1989; Kewley & Dopita 2002; Pettini & Pagel 2004;
Tremonti et al. 2004).
Observationally, the gas-phase metallicity is usually
measured based on the flux ratios of emission lines in
star-forming HII regions (e.g. Kobulnicky & Kewley
2004; Tremonti et al. 2004; Pettini & Pagel 2004;
Maiolino et al. 2008; Kewley & Ellison 2008;
Pe´rez-Montero & Contini 2009; Pilyugin et al. 2010;
Rosales-Ortega et al. 2012; Marino et al. 2013;
Dopita et al. 2013; Vogt et al. 2015; Dopita et al.
2016; Pilyugin & Grebel 2016), such as [OII]λ3227,
[OIII]λ4363, Hβ, [OIII]λ5007, Hα, [NII]λ6584, and
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[SII]λλ6717,6731. These emission lines are mostly
excited by O and B stars, which must have formed
recently, within the last <10 Myr, and the gas-phase
metallicity measured in this way can therefore be treated
as the current “instantaneous” metallicity of the gas out
of which the stars have formed. This timescale is much
shorter than the ∼ 1010 year lifetime of the galaxies or
even the ∼ 109 year gas depletion timescale.
In the literature, there is a number of empirical
relations to derive the Oxygen abundance based on
the combination of some of these emission lines (see
Kewley & Ellison 2008; Sa´nchez et al. 2017, and refer-
ences therein). As a whole, measurements of Oxygen
abundance based on these different approaches are cer-
tainly positive correlated, but the absolute values and
the ranges of these measurements are not consistent
with each other (e.g. Kewley & Ellison 2008; Blanc et al.
2015; Sa´nchez et al. 2019), due to the different methods,
different samples and different emission lines used in the
calibration.
Even given the inconsistency of estimations of the
gas-phase metallicity by different approaches, there is
no dispute that the gas-phase metallicity is strongly
correlated with the stellar mass (e.g. Lequeux et al.
1979; Tremonti et al. 2004). Based on fibre spectra of
the central regions of large numbers of galaxies from
SDSS (the Sloan Digital Sky Survey; Stoughton et al.
2002), Tremonti et al. (2004) established a tight stellar-
mass/gas metallicity relation (MZR) for star-forming
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(SF) galaxies spanning over three orders of magnitude
in mass and one order of magnitude in gas-phase metal-
licity. The relation is relatively steep at low mass end,
but flattens at stellar masses above 1010.5M⊙. Further-
more, the gas-phase metallicity appears to have a larger
dispersion towards the lower stellar masses. The MZR is
found to be evolving with redshift in the sense that galax-
ies at higher redshift tend to be more metal-poor with
respect to their counterparts in the local universe (e.g.
Savaglio et al. 2005; Maier et al. 2006; Maiolino et al.
2008). The existence of the MZR relation can be ex-
plained by one or the combination of these factors: the
outflow by the supernova-driven winds (Larson 1974;
Tremonti et al. 2004; Finlator & Dave´ 2008), the differ-
ent star formation efficiencies in galaxies (Brooks et al.
2007; Mouhcine et al. 2007; Calura et al. 2009), and the
variations in the initial mass function across galaxy pop-
ulation (Ko¨ppen et al. 2007).
The gas-phase metallicity is also found to be cor-
related with other global properties of galaxies, such
as the SFR (e.g. Ellison et al. 2008; Mannucci et al.
2010; Andrews & Martini 2013) and half-light radius
(e.g. Ellison et al. 2008; Wang et al. 2018a). Based on
the large sample of galaxies from SDSS, Mannucci et al.
(2010) found that the negative correlation with SFR is
strong at low stellar mass end, and becomes less signif-
icant with increasing stellar mass. Furthermore, they
claimed that there was a universal epoch-independent
mass-metallicity-SFR relation Zgas(M∗, SFR), i.e. that
the apparent evolution in the MZR could be accounted
for, phenomenologically, by the higher SFR encountered
in high redshift galaxies. This universal Zgas(M∗, SFR)
is therefore known as the “fundamental metallicity rela-
tion” (FMR; Mannucci et al. 2010; Richard et al. 2011;
Nakajima et al. 2012; Cresci et al. 2012; Salim et al.
2014; Cresci et al. 2019; Huang et al. 2019; Curti et al.
2020). Cresci et al. (2019) finds that the anti-correlation
between specific SFR and gas-phase metallicity at given
stellar mass, regardless of what the metallicity and SFR
indicators are used.
Recently, the emergence of widespread integral field
spectroscopy (IFS) for galaxy surveys, such as MaNGA
(Bundy et al. 2015), CALIFA (Sa´nchez et al. 2012) and
SAMI (Croom et al. 2012), has produced many spatially
resolved spectroscopic data of relatively nearby galaxies.
This enables the investigation of the relations of metal-
licity with mass (surface density) and star-formation
rates within galaxies. A strong correlation between lo-
cal stellar surface density and local gas-phase metallicity,
an apparent analog to the global MZR, is found based
on the spatially-resolved spectroscopic data by many
authors (e.g. Moran et al. 2012; Rosales-Ortega et al.
2012; Barrera-Ballesteros et al. 2016; Zhu et al. 2017;
Gao et al. 2018).
However, whether the SFR (or sSFR) is a second pa-
rameter to the sub-galactic resolved MZR has been de-
bated. By using 38 nearby galaxies from the PINGS
survey, Rosales-Ortega et al. (2012) found a negative
correlation of gas-phase metallicity and the local spe-
cific SFR, indicated by the Hα equivalent width (also
see Zhu et al. 2017). However, Moran et al. (2012) and
Barrera-Ballesteros et al. (2017) argued that there is no
evidence for the local sSFR (or SFR surface density) to
be a robust second parameter in the resolved MZR. More
recently, based on analysis of MaNGA galaxies (with
a spatial resolution of 1-2 kpc), Berhane Teklu et al.
(2020) found a negative correlation between local metal-
licity and local sSFR when using N2 and O3N2 metallic-
ity indicators, but the correlation is nearly disappeared
for the N2O2 and N2S2 metallicity indicators. Further-
more, by using the HII regions of eight nearby galax-
ies mapped by the Multi-Unit Spectroscopic Explore
(MUSE), Kreckel et al. (2019) found that the regions
with highest Hα luminosity tended to have higher gas-
phase metallicity at a ∼100 pc scale, indicating a posi-
tive correlation between metallicity and sSFR. Similarly,
Ho et al. (2018) found that the oxygen abundances are
higher in the spiral arms than in the inter-arm regions for
NGC 2997, at a similar spatial resolution. A clear picture
to understand these seemingly contradictory findings is
still lacking.
Efforts have been made to understand the global star
formation rates and metal content of galaxies, by looking
at the balance between inflow, outflow and star formation
(e.g. Schaye et al. 2010; Bouche´ et al. 2010; Dave´ et al.
2011; Lilly et al. 2013; Belfiore et al. 2019). In particu-
lar, Dave´ et al. (2012) gave an analytic formalism that
describes the evolution of the stellar mass, gas mass and
metallicity of galaxies, assuming an equilibrium state in
which the mass of the gas reservoir is assumed to be
constant, i.e. M˙gas ∼0. This scenario is also known as
the “reservoir” or “bathtube” model (Bouche´ et al. 2010;
Dave´ et al. 2012). Because the gas mass does not change,
this model is not able to regulate the SFR. Lilly et al.
(2013) released this restriction and allowed the mass of
gas reservoir to change, so that the SFR is regulated by
the changing gas mass adjusting to the inflow rate. This
is known as the “gas-regulator”model. The gas-regulator
model of Lilly et al. (2013) produces an analytic form
of the mass metallicity relation that has the SFR nat-
urally as a second parameter, i.e. Zgas(M∗, SFR). Fur-
ther, the form of this is set by the basic parameters of the
regulator model, specifically the star-formation efficiency
(SFE) and the mass-loading of the wind λ, both of which
may vary with the overall stellar mass. However, if these
mass-dependent parameters are independent of epoch, as
is quite plausible, then the form of Zgas(M∗, SFR) will
also not evolve. The gas-regulator model is therefore
naturally able to produce an epoch-independent FMR.
The whole point of the Lilly et al. (2013) gas-regulator
model is that the mass of gas in the galaxy can change.
In previous papers, we have explored the dynamical be-
haviour of the gas regulator model as it adjusts to varia-
tions in the inflow rate or other parameters and find that
it can well explain several features of the galaxy popula-
tion, and especially observations of the variation of SFR
within galaxies and across the galaxy population.
Based on a well defined SF galaxy sample from
MaNGA, Wang et al. (2019, hereafter W19) found that
galaxies above the Star Formation Main Sequence
(SFMS) show elevated SFR surface density (ΣSFR) at
all galactic radii compared with the median ΣSFR pro-
file of the whole SF population, and vice versa, galax-
ies below the SFMS show depressed ΣSFR profiles. They
found that the dispersion in the relative ΣSFR (correcting
for different effective radii) at a given relative radius in
galaxies with similar stellar mass, decreases with increas-
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ing gas depletion time. The latter was inferred from the
stellar surface mass density using the “extended Schmidt
Law” from Shi et al. (2011). By driving a gas-regulator
system with a periodic time-varying inflow rate, W19
found that the resulting time-varying SFR is also a pe-
riodic function of time, varying with an amplitude that
depended on the product of the inflow variations times
an analytic function of the ratio of the gas depletion time
to the driving period. Regions with shorter gas depletion
times are better able to follow variations in inflow rate,
and therefore produce a larger dispersion in ΣSFR at a
given driving period and amplitude. It was suggested
that this feature of the gas regulator model could pro-
duce the observed relation between the scatter of ΣSFR
with the inferred gas depletion time (see more details in
W19). Similarly, the dynamical gas regulator model can
also qualitatively explain the observed dependence of the
dispersion of the overall SFMS on stellar mass and stellar
surface density (Wang et al. 2018a; Davies et al. 2019).
Consistent with, but quite independent of, our W19
analysis, Wang & Lilly (2020b) found that regions with
shorter gas depletion times also exhibit larger dispersions
in the temporal changes in the SFR, as parameterized by
SFR5Myr/SFR800Myr, the ratio of SFR averaged within
the last 5 Myr to the SFR averaged within the last 800
Myr. The SFR5Myr/SFR800Myr was estimated by the
equivalent widths of Hα emission and Hδ absorption.
The results in Wang & Lilly (2020b) therefore confirm
that that the variation in the ΣSFR profiles in Wang et al.
(2019) are indeed apparently due to real temporal varia-
tions in the SFR within galaxies, rather than any intrin-
sic differences between galaxies in the population.
Furthermore, based on the same dataset in
Wang & Lilly (2020b), Wang & Lilly (2020a) con-
strained the power spectral distribution (PSD) of the
star formation histories of galaxies, i.e. the contribution
of the variations in SFR at different timescales. This
too showed highly consistent results with our earlier
results in W19 and Wang & Lilly (2020b). All these
results strongly support the importance of the dynam-
ical response of the simple gas-regulator system to a
time-varying inflow in producing the variations of SFR
or ΣSFR at galactic scale.
Since the dynamical gas-regulator model evidently has
great success in interpreting the variation of SFR be-
tween galaxies and on large scales within galaxies, it is
interesting to further explore the behaviour of this sys-
tem, and in particular to look again at its response to
variations also in star-formation efficiency, and to ex-
plore further the gas-phase metallicity as a diagnostic
tool. This is the focus of the current paper.
In this work, we extend the work of Lilly et al. (2013)
and W19 and look at the metal-enrichment process in the
dynamical gas-regulator framework. We will present the
basic assumptions and continuity equations of the dy-
namical gas-regulator model in Section 2.1 and examine
how the SFR, and the total mass, metal mass and gas-
phase metallicity of the gas reservoir, vary in response
to time-variations in the inflow rate of gas into the sys-
tem and/or time-variations in the SFE (Section 2.2 and
2.3). In addition, we will also explore how the wind mass-
loading factor, the metallicity of the inflowing gas, and
the yield (defined as the mass of metals returned to the
interstellar medium per unit mass that is locked up into
long-lived stars), can all modify these responses (Section
2.4).
We then turn to look for evidence of the predicted re-
sponses of the dynamic gas regulator in observational
data. In Section 3, we introduce the data used in
this work, including the IFS data from the MaNGA
survey and from the MUSE Atlas of Disks (MAD;
Erroz-Ferrer et al. 2019). The MaNGA sample is taken
from Wang et al. (2018b) and W19, and includes nearly
1000 SF galaxies with typical spatial resolutions of 1-
2 kpc, while the MAD sample has only 38 SF galaxies
but with the spatial resolution down to 100 pc or even
less. Therefore, the MaNGA sample is suitable to study
the global effects at galactic and sub-galactic scale, while
MAD galaxies can be used to study the effects on the
scale of HII regions or individual molecular clouds. In
Section 4 and 5, we present the main observational re-
sults and compare them with the model predictions of
the dynamical gas-regulator model. In Section 6, we dis-
cuss our results compared with previous findings, and
present the implications from the perspective of our un-
derstanding of relationship between SFR, cold gas mass
and gas-phase metallicity at different physical scales. We
summarize the main results of this work in Section 7.
Throughout this paper, we assume a flat cold dark
matter cosmology model with Ωm = 0.27, ΩΛ = 0.73 and
h = 0.7 when computing distance-dependent parameters.
The metallicity referred in this work are the gas-phase
[O/H] metallicity (denoted as Z or Zgas) rather than the
stellar metallicity, unless specified.
2. THE DYNAMIC RESPONSE OF THE
GAS-REGULATOR MODEL
2.1. Basic continuity equations
The basic idea of gas-regulatormodel is that the forma-
tion of stars is instantaneously determined by the mass of
a cold gas reservoir, which is regulated by the interplay
between inflow, outflow and star formation (Lilly et al.
2013). The instantaneous SFR can be written as:
SFR(t) = Mgas(t) · SFE(t), (1)
where the SFE(t) is the instantaneous star formation ef-
ficiency. We note that the SFE is the inverse of the gas
depletion time (τdep) by definition, i.e. SFE≡ 1/τdep.
Following the work of Lilly et al. (2013) and W19, we
assume that the mass loss due to outflow is scaled by the
instantaneous SFR(t) with a mass-loading factor λ, i.e.
λSFR(t). The effective gas depletion timescale is there-
fore reduced by a factor (1+λ). We denote the inflow
rate as Φ(t), and the metallicity of infalling gas as Z0.
The metal mass of the gas reservoir is denoted as MZ(t).
The yield, i.e. the mass of metals returned to the inter-
stellar medium per unit mass of instantaneously formed
stars, is denoted as y.
The basic continuity equations for gas and metals are
(see equations 9 and 20 in Lilly et al. 2013):
dMgas(t)
dt
= Φ(t)− SFR(t)− λ · SFR(t)
= Φ(t)− SFE(t) ·Mgas(t)− λ · SFE(t) ·Mgas(t)
(2)
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dMZ(t)
dt
=y · SFR(t)− Z(t) · (1 + λ) · SFR(t) + Φ(t) · Z0
=y · SFE(t) ·Mgas(t)− (1 + λ) · SFE(t) ·MZ(t)
+ Φ(t) · Z0
(3)
where Z(t) = MZ(t)/Mgas(t) by definition.
In principle, there is a time delay of metal enhancement
to the current star formation activity, which is a few
Myr, i.e. the lifetime of the massive stars that collapse
into Type-II supernovae. But since this time delay is
much less than the gas depletion time of galaxies, we can
apply the instantaneous re-cycling approximation in this
work, i.e. we assume that the metal-enhancement by star
formation is instantaneous2.
In Equation 2 and 3, there are a total of five quanti-
ties driving the solution: the possibly time-varying Φ(t),
SFE(t), and the (assumed constant) λ, Z0 and y. The
Mgas(t), SFR(t),MZ(t) and Z(t) are then the response of
the regulator system to these five quantities. In this work
we assume the λ, Z0 and y are time-independent. The
mass-loading factor is tightly correlated with the stellar
mass of galaxies (Hayward & Hopkins 2017), and is not
likely to change significantly on timescales of Gyr given
the current relatively low sSFR∼0.1 Gyr−1 of local SFMS
galaxies. The Z0 reflects the metallicity of the surround-
ing circumgalactic medium of galaxies, which is also not
likely to change significantly with time. The yield y is
a physical parameter reflecting the nuclear synthesis ac-
tivity and the relative number of massive stars, which is
expected to be tightly correlated with the initial mass
function (IMF) but which is not likely to change signif-
icantly on Gyr timescale. However, we note that λ, Z0
and even y may well change from galaxy-to-galaxy and
even from region-to-region within individual galaxies.
The two Equations 2 and 3 are the two basic continu-
ity equations in the gas-regulator model. The following
analysis in Section 2 will focus on the solution of these
two equations by driving the regulator system with pe-
riodic Φ(t) or periodic SFE(t), and investigate the cor-
relation between the resulting instantaneous SFR(t) and
the gas-phase metallicity Z(t). This correlation will be
the main diagnostic used in our later analysis of obser-
vational data.
2.2. Driving the gas-regulator system with a
time-varying inflow rate
We now first drive the gas-regulator system with time-
varying inflow and time-invariant SFE. As in W19, we
input the simple case that inflow rate is a linear sinu-
soidal function of time with a period of Tp:
Φ(t) = Φ0 +Φt · sin(2pit/Tp). (4)
Then, we look for solutions in which Mgas(t) and MZ(t)
are sinusoidal functions phase-shifted from the inflow
rate.
Mgas(t) = M0 +Mt · sin(2pit/Tp − δ)
MZ(t) = MZ0 +MZt · sin(2pit/Tp − β). (5)
2 Observationally, if the SFR is measured based on emission
lines, this SFR represents the averaged SFR within the last 5 Myr
(Wang & Lilly 2020b). This would compensate for the time-delay
to some extent.
In W19, by substituting Mgas(t) into Equation 2 and
equalising the various time-dependent terms in the usual
way, we have the solution of Mgas(t):
M0 = Φ0τdep,eff
δ = arctan(ξ)
Mt =
Φtτdep,eff
(1 + ξ2)1/2
,
(6)
where τdef,eff is the effective gas depletion time, define as
τdep · (1 + λ)−1 or SFE−1 · (1 + λ)−1, and ξ is the ratio
of the effective gas depletion timescale to the timescale
of the variation of inflow rate Tp(2pi)
−1, i.e.
ξ ≡ 2piτdep,eff/Tp. (7)
Therefore, based on Equation 6, we also have
Mt
M0
=
1
(1 + ξ2)1/2
× Φt
Φ0
. (8)
As we discussed in W19, the amplitude and phase-delay
of the outputMgas(t) strongly depends on the parameter
ξ, the relative timescale of gas depletion time to the driv-
ing period. At fixed Tp, galaxies or regions with shorter
gas depletion time are more able to follow the changes
of the inflow rate, leading to a smaller phase-delay and
larger amplitude, and vice versa (see more discussion in
section 4 of W19).
In the similar way, we substitute Equations 5 and 6
into Equation 3, and equate the various time-dependent
terms to find the solution of MZ(t):
MZ0 = (yeff + Z0)Φ0τdep,eff
β = arctan[
2yeffξ + Z0ξ(1 + ξ
2)
yeff(1 − ξ2) + Z0(1 + ξ2) ]
MZt =
(1 + η2)1/2
1 + ξ2
× (yeff + Z0)Φtτdep,eff ,
(9)
where
yeff ≡ y · (1 + λ)−1 (10)
and
η = ξZ0 · (yeff + Z0)−1. (11)
If β is less than zero, then β should equal to β+pi. The
shorthand yeff and η are defined for convenience. We
remind readers that the effective yield yeff defined in this
way is different from some previous papers (e.g. Edmunds
1990; Garnett 2002). We prefer this definition because
we believe it is more fundamental. Based on the solution
of MZ(t), we also have
MZt
MZ0
=
(1 + η2)1/2
1 + ξ2
× Φt
Φ0
. (12)
If we assume that the inflow gas is in a pristine state,
i.e. Z0 ∼ 0, then the solution of MZ(t) can be simplified
further to be
MZ0 = yeffΦ0τdep,eff
β = arctan[
2ξ
1− ξ2 ]
MZt
MZ0
=
1
1 + ξ2
× Φt
Φ0
.
(13)
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Fig. 1.— Illustration of the SFR, Mgas and Zgas in response to a sinusoidally varying inflow rate (upper panels) and a periodic step
function inflow rate (lower panels), both with a constant SFE, in the gas regulator framework. Upper left panel: Examples of the SFR(t),
Mgas(t), MZ(t), and Zgas(t) (scaled to their mean values) in response to the sinusoidal inflow rate at three different ξ (see text). The cases
of different ξ are separated with arbitrary offsets (−0.5, 0.0, +0.5) in the y-axis for display purposes. Upper middle panel: The correlation
of SFR and Zgas in logarithmic space for different ξ. Upper right panel: The correlation of SFR and Mgas in logarithmic space for different
ξ (see text). The lower panels are similar to the top panels, but for a periodic step function of the inflow rate. For illustration, the period
of the step-function is set to be 2 Gyr, and the τdep,eff is set to be 1 Gyr. The duration of the “high-phase” inflow rate (τs) varies from
0.1τdep,eff to τdep,eff . The different colors in the lower middle and right panels are for the cases of different τdep,eff/τs, and the data points
are equally spaced in time and so their density reflects the speed of the change of the model. Since the SFE is set to be constant over time,
the SFR(t) is always overlapped with Mgas(t) in the two left panels, and the middle panels are the same as the right-most panels.
Interestingly, in this specific case with Z0 ∼ 0, the
phase-delay of MZ(t) is twice that of Mgas(t), i.e. β =
2δ. Similar to Mgas(t), the phase-delay β and relative
amplitude MZt/MZ0 of MZ(t) strongly depend on the
parameter ξ. At fixed Tp, galaxies or regions with shorter
(effective) gas depletion time, can more easily follow the
change of inflow rate and gas mass, resulting in smaller
β and larger MZt/MZ0. Specifically, if ξ is much less
than unity, then both δ and β are close to zero, and
both Mt/M0 and MZt/MZ0 are close to Φt/Φ0. In other
words, when the (effective) gas depletion time is much
less than the driving period, i.e. ξ ≪ 1, the change of
mass of gas reservoir and of the mass of metals in the gas-
regulator system can nearly follow the change of inflow
rate, with little phase-delay and with nearly the same
relative amplitude of variation. If, however, ξ is much
larger than 1, then δ is close to pi/2, β is close to pi,
and both Mt/M0 and MZt/MZ0 are close to zero. This
means that, when the (effective) gas depletion time is
much longer than the driving period, i.e. ξ ≫ 1, the gas-
regulator system is unable to follow the relatively fast
changes in the inflow rate, resulting in little variation in
either Mgas(t) or MZ(t).
The dependence of Mgas(t) and MZ(t) on ξ can be
clearly seen in the top left panel of Figure 1, where
we show examples of the evolution of Mgas (blue), SFR
(red), MZ (orange) and Z (purple) when driving the gas-
regulator system with periodic sinusoidal inflow. For il-
lustrative purpose, we set Z0 = 0, Φt/Φ0 = 0.1, Tp = 1
Gyr, and log ξ = −0.5, 0.0, and 0.5.
Given the solutions of Mgas(t) and MZ(t) in Equation
6 and 9, the resulting SFR(t) and Z(t) can be easily
obtained. Since the SFE is assumed here (in this subsec-
tion) to be time-invariant, the change of SFR will exactly
follow the change of cold gas mass. Therefore, the blue
and red lines in the top left panel of Figure 1 are over-
lapped together. However, the Z(t), i.e. the ratio of
MZ(t) to Mgas(t), has a more complicated behavior than
SFR(t), because it is not a sinusoidal function. The vari-
ation of the metallicity depends on the amplitude of vari-
ations in MZ(t) and Mgas(t), as well as the phase-delay
between the two.
To clarify the correlation between the instantaneous
SFR(t) and Z(t), we plot the log SFR(t)/〈SFR〉 vs.
logZ(t)/〈Z〉 and logMgas(t)/〈Mgas〉 vs. logZ(t)/〈Z〉 for
a set of different ξ in the top middle and right panels
of Figure 1. Since the log SFR(t)/〈SFR〉 is a relative
quantity, i.e. log SFR(t) − log〈SFR〉, we also denote the
log SFR(t)/〈SFR〉 as ∆SFR. In the same way, we de-
note the logZ(t)/〈Z〉 as ∆Z, and logMgas(t)/〈Mgas〉 as
∆Mgas.
As shown, at all the different ξ shown here, the gas-
regulator model predicts that ∆SFR and ∆Z are neg-
atively correlated when the system is driven with a si-
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nusoidal inflow rate. The slope and the tightness of the
∆SFR-∆Z correlation strongly depend on ξ. Generally
speaking, at fixed Tp, the correlation of ∆SFR-∆Z be-
comes weaker and steeper with increasing the effective
gas depletion time. The slope of ∆SFR-∆Z relation is al-
ways steeper than −1. This means that the gas-regulator
model requires that the scatter of ∆Z is always less than
or equal to the scatter of ∆SFR. We will come back to
this point later.
A pure sinusoidal variation of inflow may or may not
be realistic (though we note that it should apply to any
individual Fourier component of a more complex time
series, as in Wang et al. (2019)). In addition to the sinu-
soidal inflow rate, we also for completeness explored the
effect of a periodic step function in the inflow rate. The
bottom panels of Figure 1 show the resulting Mgas(t),
SFR(t), MZ(t) and Z(t), as well as the resulting correla-
tion between ∆SFR (and ∆Mgas) and ∆Z. In generating
the plots, we set the period of step function as 2 Gyr, and
change the upper-state duration of inflow rate (τs). We
allow the τs varying from 0.1τdep,eff to τdep,eff .
As shown in the bottom-left panel of Figure 1, a sud-
den increase of inflow rate causes an increase of the SFR
(or cold gas mass) and a decrease of gas-phase metallic-
ity, and vice versa. This therefore also leads to a negative
correlation between SFR (or cold gas mass) and metallic-
ity, i.e. between ∆SFR (or ∆Mgas) and ∆Z, consistent
with the result for the sinusoidal variation in the top
panels of Figure 1.
Although here we have illustrated the properties of
gas-regulator model by using only two types of inflow,
we argue that the basic result of a negative correlation
must hold for more complicated inflow rates since any
given inflow function can be expressed as a linear combi-
nation of sinusoidal functions with different frequencies
via the Fourier transform. The gas-regulator system will
response to these individual sinusoidal components in-
dependently according to their ξ via Equation 6 and 9.
This is also why the analysis in Lilly et al. (2013) gave
an FMR with a negative correlation between Z and SFR.
Of course, observationally we cannot follow the tempo-
ral evolution of a single gas-regulated galaxy. In W19 we
therefore explored the scatter of the instantaneous SFR
in a population of gas regulators, σ(SFR), when they
are driven with simple sinusoidal Φ(t), and showed that
within this population σ(SFR)/σ(Φ) is a monotonically
decreasing function of ξ:
σ(SFR)
σ(Φ)
=
1
(1 + ξ2)1/2
· (1 + λ)−1. (14)
In Equation 14, the scatter of SFR and Φ are cal-
culated in linear space, while in the observations, the
scatter of SFR is usually measured in logarithmic space.
Here we present an approximate analytical solution of
σ(log SFR)/σ(log Φ), which can be written as:
σ(log SFR)
σ(log Φ)
≈ 1
(1 + ξ2)1/2
. (15)
As can be seen in Equation 15, if the scatter is measured
in logarithmic space, the factor 1+λ vanishes, since this
can be viewed as a constant “inefficiency” in the star-
formation (see Lilly et al. 2013). The details to derive
the Equation 15 are given in the Appendix A.
The left panel of Figure 3 shows the numerical solu-
tion (black solid curve) and the approximate analytical
solution (gray dashed curve) of σ(log SFR)/σ(log Φ) as
a function log ξ, which are in excellent agreement. As
proposed in W19 and Wang & Lilly (2020a), the Equa-
tion 15 provides the basic link between the PSD of the
resulting SFR(t) and the PSD of the input Φ(t) under
the gas-regulator system that the PSD of SFR(t) should
be the PSD of Φ(t) multiplied by 1/(1 + ξ2). However,
from the observations, the inflow rate history of galaxies
is not of course a directly observable quantity.
Finally, we come to the scatter of the gas-phase metal-
licities in the population. As shown in top middle panel
of Figure 1, the ratio of the scatter in Z(t) to the scat-
ter of SFR(t) (i.e. what would be observed in a given
population of regulators at fixed time) is predicted to be
strongly dependent on ξ. Here we present the approx-
imate analytical solution of σ(log Z)/σ(log SFR), which
can be written as:
σ(logZ)
σ(log SFR)
≈ ξ
(1 + ξ2)1/2
· 1
1 + Z0/yeff
. (16)
The detailed derivation of Equation 16 is shown in
Appendix A. Since the σ(log Z)/σ(log SFR) only de-
pends on ξ at fixed Z0/yeff , we therefore present both
the numerical (the blue, green and red curves) and
the analytic solutions (the gray dashed curves) of the
σ(logZ)/σ(log SFR) in the left panel of Figure 3 at
three different Z0/yeff , which are again in excellent agree-
ment. For different Z0/yeff , the σ(log Z)/σ(log SFR)
monotonically increases with log ξ, which is opposite to
σ(log SFR)/σ(logΦ). Intriguingly, if Z0 = 0, the Equa-
tion 15 and 16 are strictly symmetrical across the axis
of log ξ = 0. Unlike Equation 15, the Equation 16 pre-
diction of the gas-regulator model relates two readily ob-
servable quantities, the instantaneous SFR and the in-
stantaneous gas-phase metallicity.
2.3. Driving the gas-regulator system with
time-varying SFE
In the previous subsection, we looked at the behavior
of the gas-regulator system with time-varying inflow and
time-invariant SFE. In this subsection, we will explore
the behaviour when the regulator is driven with a con-
stant inflow rate but experiences a time-varying SFE.
Similar to Section 2.2, we first input a time-invariant
inflow, i.e. Φ(t) = Φ0, and a sinusoidally varying SFE(t):
SFE(t) = SFE0 + SFEt · sin(2pit/Tp). (17)
The driving period of SFE(t) is again denoted as Tp. As
before, we look for the solution of Mgas(t) and MZ(t)
in terms of Equation 5. However, we note that, unlike
in Section 2.2, the solutions of Mgas(t) and MZ(t) are
not exact sinusoidal functions, but can be represented as
approximations to sinusoids. We assume the variation of
the input SFE(t) is small, i.e. SFEt ≪SFE0. Therefore,
the variations of the resultingMgas(t) andMZ(t) are also
small, i.e. Mt ≪M0 and MZt ≪MZ0.
By substituting Equation 5 and Equation 17 into Equa-
tion 2 and 3 ignoring second-order terms, we obtain the
approximate solution of Mgas(t) and MZ(t), which can
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Fig. 2.— Illustration of the SFR, Mgas and Zgas in response to a time-varying SFE(t) of the sinusoidal function (upper panels) and the
periodic step function (lower panels) with constant inflow rate, in the gas regulator framework. The panels, lines and colors are the same
as those in Figure 1, except the gas regulator system is now driven with periodic SFE(t) and constant inflow rate.
Fig. 3.— Left panel: The ratio of σ(logO/H) to σ(logSFR) as a function of ξ determined by the numerical calculation, when the gas
regulator is driven with a sinusoidal inflow rate (Φt/Φ0 = 0.1) and constant SFE. The colored lines show the relations for three different
Z0/yeff . In the meanwhile, we also display the ratio of σ(logSFR) to σ(log Φ) as a function of ξ as a black line. Each line is followed by a
gray dashed line, which shows the approximate analytic solution (see Equation 15 and 16). Right panel: The same as the left panel but
for the case in which the gas regulator system is driven with a sinusoidal SFE and constant inflow rate (see Equation 20 and 21).
be written as:
M0 = Φ0τdep,eff
δ = arctan(ξ)
Mt
M0
= − 1
(1 + ξ2)1/2
× SFEt
SFE0
,
(18)
and
MZ0 = (yeff + Z0)Φ0τdep,eff
β = arctan[
2yeffξ + Z0ξ(1 + ξ
2)
yeff(1− ξ2) + Z0(1 + ξ2) ]
MZt
MZ0
= − (1 + η
2)1/2
1 + ξ2
× SFEt
SFE0
.
(19)
We emphasize that the definitions of ξ and η are the
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same as in Section 2.2. The similarity of the solutions
in Equation 18 and 19 with those in Equation 6 and
9 should be noted. Specifically, the expression for the
phase-delay is the same, and the response amplitude of
both Mgas(t) and MZ(t) is also the same relative to the
amplitude of the variation in the driving parameters.
The difference in sign indicates the fact that, when driv-
ing the regulator with time-varying Φ(t), the increase
of Φ(t) produces an increase of both Mgas(t) and MZ(t)
with some time-delays, while when driving the regulator
with time-varying SFE(t), the increase of SFE(t) leads
to decreases of bothMgas(t) andMZ(t), again with some
time-delay. We note that the difference in sign can not
be simply treated as an additional phase-delay of pi, be-
cause it is physically unreasonable that the Mgas(t) fol-
lows the change of SFE(t) in the same direction in the
gas-regulator system with time-invariant inflow rate.
This is clearly illustrated in the top-left panel of Fig-
ure 2, where we show examples of the evolution of Mgas
(blue), SFR (red), MZ (orange) and Z (purple) when
driving the gas-regulator system with a periodic sinu-
soidal SFE. As previously, we also investigate the corre-
lation between ∆SFR (and ∆Mgas) and ∆Z at a set of
different ξ, as shown in the top-middle (and top-right)
panel of Figure 2.
In contrast with the result in Section 2.2, ∆SFR and
∆Z now show a strong positive correlation. However,
we note that ∆Mgas and ∆Z remain negatively corre-
lated, as would be expected, independent of whether the
gas-regulator is driven with time-varying inflow or time-
varying SFE. In this sense, metallicity variations funda-
mentally reflect variations in total gas mass in the gas
regulator reservoir (see Lilly et al. 2013; Bothwell et al.
2013, 2016).
As in Section 2.2, we also look at periodic step func-
tions for the time-variation of SFE. Such changes in
SFE may well be more realistic than sinusoidal changes.
The bottom panels of Figure 2 demonstrate the resulting
Mgas(t), SFR(t), MZ(t) and Z(t), as well as the correla-
tion between ∆SFR (and ∆Mgas) and ∆Z. In generating
the plots, we set the period of step function to be 2 Gyr,
and change the upper-state duration (τs). We allow the
τs varying from 0.1τdep,eff to τdep,eff. Here the τdep,eff is
calculated based on the SFE in its lower-state.
A sudden increase of SFE causes a sudden increase, but
a following decrease, of the SFR, a following decrease of
Mgas and a following increase of the gas-phase metallic-
ity. As a whole, it is not as immediately clear what the
sign of the ∆SFR and ∆Z correlation will be, given the
fact that the lower branch has many more data points
(reflecting the longer interval of time) than the upper
branch on the bottom-middle panel of Figure 2. There is
a strong asymmetry in the distribution of SFR through
the cycle, indicated by the number density of the data
points in the bottom-middle panel of Figure 2. Specif-
ically, SFR(t) stays close to its median value for most
of the time, but shows a strong increase for a short pe-
riod. The asymmetry becomes more significant as the
relative duration of the increased phase of SFE is de-
creased. However, one thing is clear: the states with
strongly enhanced SFR are always metal-enhanced with
respect to the mean metallicity. These phases are rep-
resented in the upper locus of points in the figure which
have Zgas > 〈Z〉.
Consistent with the top-right panels of Figure 2, the
∆Mgas and ∆Z we conclude that there will always overall
be a negative correlation that will be most clearly seen
in the highest SFR points.
Similar to Section 2.2, we again present the approxi-
mate analytical solution of σ(log SFR)/σ(log SFE), and
σ(logZ)/σ(log SFR) when driving the gas-regulator with
sinusoidal SFE. These quantities can be written as:
σ(log SFR)
σ(log SFE)
≈ ξ
(1 + ξ2)1/2
(20)
and
σ(logZ)
σ(log SFR)
≈ 1
(1 + ξ2)1/2
· 1
1 + Z0/yeff
. (21)
The right panel of Figure 3 shows the numerical solu-
tion (solid curves) and the approximate analytical solu-
tion (gray dashed curves) of σ(log SFR)/σ(log SFE) and
σ(logZ)/σ(log SFR) as a function log ξ. As shown, the
numerical solution is well matched by the analytical so-
lution. Intriguingly, the Equation 20 and 21 are strictly
symmetrical to the Equation 15 and 16, respectively, at
the axis of log ξ = 0.
When driving the gas-regulator with a time-varying
SFE, the σ(log SFR)/σ(log SFE) is predicted to increase
with ξ, while σ(logZ)/σ(log SFR) is predicted to de-
crease with ξ. Although the Equation 15, 16, 20 and
21 are only approximate solutions obtained in the limit
of small variations of inflow rate or SFE, we have veri-
fied numerically that these equations remain reasonable
approximations even when the variations of inflow rate
or SFE are quite significant.
2.4. The effects of mass-loading, Z0 and the yield
In Section 2.2 and 2.3, we have explored the behavior
of the gas-regulator system when it is driven by time-
varying inflow and time-varying SFE, respectively. In
this subsection, we will explore how the metallicities are
modified by changes in the wind mass-loading factor and
the metallicity of inflow gas. The assumed yield enters
as a simple scaling factor throughout.
Following Section 2.2, we drive the gas-regulator with
a sinusoidally varying inflow rate for a set of different
the mass-loading factors and Z0. First, we set Z0 = 0,
and show the ∆SFR vs. logZ in the top panel of Figure
4 for different mass-loading factors. The yield y is set
to be 0.001 (Lilly et al. 2013), which only accounts for
the yield of Oxygen. This is convenient to compare with
observations. We note that assuming a different yield
does not change any of our conclusions. At Z0 = 0,
the relative changes in metallicity and star-formation,
i.e. the ∆SFR-∆Z relation, stays the same with varying
λ, while themeanmetallicity decreases with increasing λ.
We then set Z0 = 0.5y, and obtain the ∆SFR vs. logZ
shown in the middle panel of Figure 4. As shown, the
basic negative correlation between ∆SFR vs. ∆Z still
retains, but the relative change in metallicity, i.e. the
scatter of metallicity in the population, decreases with
increasing Z0 and increasing λ (if Z0 6= 0), compared to
the top panel of Figure 4. Finally, we set Z0 = 0.5yeff ,
and the ∆SFR vs. logZ is shown in the bottom panel of
Figure 4. The correlation between ∆SFR vs. ∆Z is the
same when Z0/yeff is fixed.
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Fig. 4.— Illustration of the role of Z0 and the mass-loading factor λ in shaping the correlation of SFR and Zgas, when driving the gas
regulator system with a sinusoidal inflow rate and constant SFE. From top to bottom, we set the Z0 to be 0.0, 0.5y and 0.5yeff . The yeff is
defined as y/(1 + λ). In each panel, we explore the cases of five different mass-loading factors, i.e. λ =0.0, 0.5, 1.0, 2.0, and 4.0. The lines
are color-coded with the ξ as before. The black line segments indicate the median gas-phase metallicity of the different five mass-loading
factors for the three panels, which is exactly equal to 12+log(yeff + Z0).
These results follow the Equation 16 where it is clear
that the ratio of σ(logZ) to σ(log SFR) only depends on
Z0/yeff once ξ is fixed. At a given ξ, the scatter of logZ
is scaled by the factor (1 + Z0/yeff)
−1 with respect to
σ(logZ) at Z0 = 0. Another interesting point is that
the mean metallicity does depend on Z0, λ and y. As
a whole, the mean gas-phase metallicity increases with
increasing Z0 and/or decreasing λ. Actually, the mean
SFR and metallicity can be solved analytically based on
Equation 6 and 9 (or Equation 18 and 19), which can be
written as:
〈SFR〉 = M0 · SFE = Φ0 · (1 + λ)−1. (22)
and
〈Z〉 = MZ0
M0
= Z0 + yeff . (23)
For completeness, we also look at driving the gas-
regulator system with sinusoidal SFE. The results are
shown in Figure 5. As shown, the effects of Z0, λ and
y on the correlation between ∆SFR and ∆Z follow the
Equation 21, and the effects of them on mean SFR and
metallicity follow the Equation 22 and Equation 23. Al-
though here we do not try to set a different yield, we
argue that the effect of varying yield would also follow
the Equation 16 or Equation 21.
Based on Equation 22 and 23, we find that the mean
SFR is determined by the mean inflow rate and mass-
loading factor regardless of the SFE, simply because
the gas reservoir adjusts to maintain long-term balance,
while the mean metallicity only depends on Z0 and yeff
regardless of how large is the inflow or SFE. We conclude
that, under the gas-regulator framework, the metallicity
is primarily determined by Z0 and yeff with a secondary
effect on SFR (or cold gas mass) due to the time-variation
of the inflow rate or SFE.
It is important to note that the metallicity does not
depend on the absolute values of inflow rate and SFE,
but rather on the change in them. Therefore, when in-
vestigating the question whether the SFR is a secondary
parameter to determine the metallicity, one should look
at the correlation of the relative values of SFR and Z
(or residuals like ∆SFR and ∆Z in Figure 1 and Figure
2), rather than the absolute values, in order to eliminate
different 〈SFR〉 and 〈Z〉 for different galaxies or regions.
In Section 2.2 and 2.3, we have investigated the prop-
erties of gas-regulator by driving the gas-regulator sys-
tem with 1) time-varying Φ and time-invariant SFE, and
2) time-varying SFE and time-invariant Φ. The most
important result is that there are opposite correlations
(negative and positive, respectively) between ∆SFR and
∆Z for these two modes.
However, in the real universe, inflow rate and SFE
could both be time-varying. We have examined the sim-
plest case of simultaneously time-varying Φ and time-
varying SFE. We assume both the inflow rate and SFE
are a step function (not periodic), jumping at the same
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Fig. 5.— The same as Figure 4, but driving the gas regulator system with sinusoidal SFE and constant inflow.
time t0, i.e. Φ(t) = Φ1 at t < t0 and Φ(t) = Φ2 at t ≥ t0,
and SFE(t) = SFE1 at t < t0 and SFE(t) = SFE2 at
t ≥ t0. If the Φ and SFE jumped by the same factor f ,
the resulting metallicity does not change and the follow-
ing SFR jumps by a factor of f2. If the jump of inflow
rate is more dominant than that of SFE, the following
metallicity decreases and SFR increases, leading to a neg-
ative correlation between the two parameters, and vice
versa. This is to say that, the correlation between ∆SFR
and ∆Z is a powerful and observationally accessible di-
agnostic of the dominant mechanism for the variation of
SFR, changes in inflow or changes in SFE, even if both
of them are varying with time.
3. DATA
In Section 2, we have established links between the
variations of SFR, cold gas mass, and gas-phase metal-
licity when a gas-regulator system is driven by changes in
inflow or SFE, and established that the sign of the corre-
lation between changes in the easily observable SFR and
changes in the metallicity is a key diagnostic in establish-
ing whether changes are driven by variations in inflow or
SFE. While these relations have been constructed based
on the temporal changes in a single system, they would
of course apply also to an ensemble of such systems ob-
served at a single epoch (assuming the phases are ran-
dom), provided the assumption of ergodicity applies (see
Wang & Lilly 2020a, for a discussion). The goal of the
observational part of the paper is therefore to examine
the correlation of ∆SFR and ∆Z, computed relative to
suitably chosen fiducial values, at different locations. We
will wish to examine this correlation both from galaxy to
galaxy, but also at different locations within galaxies, in
order to try to assess the relative importance of changes
in inflow and SFE on different physical scales.
In this section, we will briefly introduce the data
used in the observational part of this work, namely the
38 SF galaxies from the MUSE Atlas of Disks (MAD;
Erroz-Ferrer et al. 2019) survey, and the nearly 1000
well-defined SF galaxies from Mapping Nearby Galaxies
at APO (MaNGA) survey (W19). We refer the readers
to Erroz-Ferrer et al. (2019) and W19 for more details of
these two galaxy samples.
3.1. The MAD galaxy sample
The final released sample3 of the MAD survey includes
38 weakly inclined, spiral galaxies, spanning a large range
of stellar mass from 108.5 to 1011.2M⊙. These galaxies
were observed during the MUSE Guaranteed Time Ob-
serving runs on the Very Large Telescope (VLT) between
2015 April and 2017 September. The on-source exposure
time was for each galaxy 1 h and the seeing ranged be-
tween 0.4 and 0.9 arcsec. These galaxies are very nearby,
with z < 0.013, leading to an average spatial resolu-
tion of ∼100 pc or better. The MUSE field of view is 1
arcmin2, and the wavelength coverage of the spectra is
from 4650 to 9300 A˚. The data were reduced using the
MUSE pipeline (Weilbacher et al. 2012), including bias
and dark subtraction, flat fielding, wavelength calibra-
tion and so on.
3 https://www.mad.astro.ethz.ch
Gas-phase metallicity and variations in SFR 11
The data downloaded from the data release is not
the original two-dimensional spectra, but the derived
measurements from the spectra. These include the
strengths of the emission lines, such as the flux map
of Hβ, [OIII]λ4959,5007, Hα, [NII]λ6548,6583, and
[SII]λ6717,6731. The emission lines are modelled by sin-
gle Gaussian profiles. The fluxes of emission lines are
corrected for the dust attenuation by using the Balmer
decrement with case B recombination. The intrinsic flux
ratio of Hα to Hβ is taken to be 2.86, assuming the elec-
tron temperature of 104 K and the electron density of
102 cm−3. The adopted attenuation curve is the CCM
(Cardelli et al. 1989; O’Donnell 1994) extinction curve
with RV = 3.1. In addition to the maps of emission lines,
the released MAD data also includes the maps of derived
quantities, such as SFR surface density (ΣSFR) and stel-
lar mass surface density (Σ∗). The SFR is derived from
the Hα luminosity (Kennicutt 1998; Hao et al. 2011),
with assuming the Kroupa (2001) IMF. The stellar mass
density is derived by fitting stellar population models to
the stellar continuum spectra twice. The first continuum
fitting is performed spaxel-by-spaxel, and the second fit-
ting was performed on the stellar Voronoi tessellation
(single-to-noise of 50 on the continuum) using the stel-
lar templates from MILES (Sa´nchez-Bla´zquez et al. 2006)
with pPXF (Cappellari & Emsellem 2004). Then, the re-
sulting Σ∗ map to a spaxel-by-spaxel map is obtained,
assuming that the continuum is the same at each stellar
Voronoi bin.
We note that in the released maps, spaxels that are lo-
cated within the Seyfert and LINER regions of the BPT
diagram (e.g. Baldwin et al. 1981; Kewley et al. 2001),
are masked out. The SFR and gas-phase metallicity can-
not be well measured in these masked regions. Their
exclusion should not affect our analysis and, therefore,
in this work we only focus on the SF and “compos-
ite” regions. This also means that for each galaxy, we
only use some fraction of the spaxels within the MUSE
field. The fraction of valid spaxels varies from galaxy-to-
galaxy, with a median value of 0.33. We have examined
that our result does not depend on this fraction of used
spaxels.
The highly-resolved MAD data enables us to investi-
gate the correlation between star formation and metal
enhancement down to the scale of giant molecular clouds
(GMC). However, the MAD sample only includes 38
galaxies, which limits the statistical power when exam-
ining the galaxy population as a whole. Therefore, we
utilize complementary data on the integrated spectra of
galaxies from MaNGA survey. We do not use the indi-
vidual spaxel data for the MaNGA galaxies because the
resolution is so much worse than for MAD.
3.2. The MaNGA galaxy sample
MaNGA is the largest IFS surveys of nearby galax-
ies up to now, and aims at mapping the 2-dimensional
spectra for ∼10,000 galaxies with redshifts in the range
of 0.01 < z < 0.15. Using the two dual-channel
BOSS spectrographs at Sloan Telescope (Gunn et al.
2006; Smee et al. 2013), MaNGA covers the wavelength
of 3600-10300 A˚ at R∼2000. The spatial coverage of
individual galaxies is usually larger than 1.5Re with a
resolution of 1-2 kpc. The flux calibration, including the
flux loss due to atmospheric absorption and instrument
response, is accurate to better than 5% for more than
89% of MaNGAs wavelength range (Yan et al. 2016).
In this work, we use the well-defined sample of SF
galaxy from W19. Here we only briefly describe the sam-
ple definition, and refer the reader to W19 for further de-
tails. This galaxy sample is originally selected from the
SDSS Data Release 14 (Abolfathi et al. 2018), exclud-
ing quenched galaxies, mergers, irregulars, and heavily
disturbed galaxies. The quenched galaxies are identified
and excluded based on the stellar mass and SFR diagram.
For each individual galaxy, the stellar mass and SFR are
measured within the effective radius, i.e. M∗(< Re) and
SFR(<Re), based on the MaNGA 2-dimensional spectra.
The final MaNGA sample includes 976 SF galaxies, and
is a good representation of normal SFMS galaxies.
Similar to the measurements of SFR for the MAD
galaxies, the map of SFR surface density of MaNGA
galaxies is also determined by the extinction-corrected
Hα luminosity (Kennicutt 1998). The correction of dust
attenuation follows the same approach for MAD galaxies,
as described in Section 3.1, by using the Balmer decre-
ment and adopting the CCM extinction curve. The maps
of stellar mass surface density for MaNGA galaxies are
obtained by fitting the stellar continuum using the pub-
lic fitting code STARLIGHT (Cid Fernandes et al. 2004),
using single stellar populations with Padova isochrones
from Bruzual & Charlot (2003). However, we note that
in determining the ΣSFR and Σ∗ for MaNGA galaxies,
the Chabrier (2003) IMF is assumed, which is different
from the one adopted for MAD galaxies. We argue that
the two IMFs are quite close to each other, with only a
small overall shift on SFR and M∗ (or ΣSFR and Σ∗)
which does not change any of our conclusions in this
work.
3.3. The estimation of gas-phase metallicity
The Te-based method is widely understood to rep-
resent the “gold standard” in determining the gas-
phase metallicity (e.g. Skillman et al. 1989; Garnett
2002; Bresolin 2007; Berg et al. 2015; Bian et al. 2018).
However, the measurement of the weak [OIII]λ4363
emission line is needed, which is often not detected
in the available spectra. Therefore, a set of empir-
ical recipes have been proposed to derive the gas-
phase metallicity based only on the strong emission
lines (e.g. Kobulnicky & Kewley 2004; Pettini & Pagel
2004; Maiolino et al. 2008; Pe´rez-Montero & Contini
2009; Pilyugin et al. 2010; Marino et al. 2013; Vogt et al.
2015), such as [OII]λ3227, Hβ, [OIII]λ5007, Hα,
[NII]λ6584, and [SII]λλ6717,6731. However, systematic
offsets of 0.2 dex or more are found between these differ-
ent empirical calibrations, even using the same line mea-
surements (Kewley & Ellison 2008; Blanc et al. 2015).
Not only are there systematic offsets, the range of the
derived metallicities are also different. This is unfortu-
nately important since we have argued that the variation
of gas-phase metallicity (or the residuals of metallicity)
as the SFR varies is an important diagnostic. The disper-
sion in metallicities must be considered in the context of
the different ranges of the Oxygen abundance measure-
ments using the different methods.
Unfortunately, the wavelength coverage of MUSE does
not include the [OII]λ3727 and [OIII]λ4363 lines, lead-
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ing to a limited number of usable strong line pre-
scriptions. In this work, we adopt the empirical rela-
tions from Dopita et al. (2016, hereafter DOP16) and
Pilyugin & Grebel (2016, hereafter PG16). These two
empirical relations are the most recently constructed and
have advantages over the previous methods, although ul-
timately it is not known whether they are more accurate
than the other methods. In the following, we briefly in-
troduce these two calibrators.
3.3.1. N2S2Hα
The N2S2Hα is a remarkably simple diagnostic pro-
posed by DOP16, which can be written as:
N2S2Hα = log([NII]/[SII]) + 0.264 log([NII]/Hα) (24)
where [NII] is the flux of [NII]λ6584 and [SII] is the total
flux of [SII]λλ6717,6731. Then, the empirical relation of
the metallicity can be written as:
12 + log(O/H) = 8.77 + N2S2Hα+ 0.45(N2S2Hα+ 0.3)5.
(25)
This simple empirical relation is suitable for the full
range of the metallicity. The Hα, [NII]λ6584 and
[SII]λλ6717,6731 are located close together in wave-
length, limiting the spectral range needed, and making
the N2S2Hα diagnostic to be insensitive to reddening.
The [NII]/Hα term provides a correction for the weak
dependence on the ionization parameter and gas pres-
sure. DOP16 argued that this diagnostic should be a
fairly reliable metallicity estimator with only small resid-
ual dependence on other physical parameters, and that
it can be used in a wide range of environments.
However, this metallicity estimator strongly depends
on the relative N/O ratio. In the calibration of N2S2Hα,
DOP16 assumed a universal correlation between N/O
and O/H, which is determined based on a mixture of
both stellar and nebular sources (Nicholls et al. 2017).
This means that any galaxies or regions that deviate from
the adopted N/O-O/H relation would have an extra un-
certainty in metallicity measurement when using N2S2Hα
as the metallicity estimator.
3.3.2. Scal
The S-calibration (Scal) metallicity estimator has
been proposed by PG16, based on three standard diag-
nostic line ratios:
N2 = [NII]λλ6548, 6584/Hβ,
S2 = [SII]λλ6717, 6731/Hβ,
R3 = [OIII]λλ4959, 5007/Hβ.
(26)
The Scal diagnostic is defined separately for the upper
and lower branches of log N2. The Scal indicator for the
upper branch (log N2 ≥ −0.6) can be written as:
12 + log(O/H) = 8.424 + 0.030 log(R3/S2) + 0.751 logN2
+ (−0.349 + 0.182 log(R3/S2)
+ 0.508 log N2)× log S2,
(27)
and the Scal indicator for the lower branch (log N2 <
−0.6) can be written as:
12 + log(O/H) = 8.072 + 0.789 log(R3/S2) + 0.726 logN2
+ (1.069− 0.170 log(R3/S2)
+ 0.022 logN2)× log S2.
(28)
The Scal prescription is calibrated to metallicity mea-
surements, from the Te-based method, of several hundred
nearby HII regions. PG16 found that the Scal indicator
gives metallicities in very good agreement with the Te-
based methods, with a scatter of only ∼0.05 dex across
the full metallicity range. Furthermore, Scal indicator
takes advantage of three emission line ratios, which is an
improvement over previous strong-line methods.
In principle, given the wavelength coverage of MUSE,
the N2 and O3N2 diagnostics, calibrated by Marino et al.
(2013), are also applicable. As pointed out by
Kreckel et al. (2019), using O3N2 (or N2) and Scal can
result in qualitatively different results from the MUSE
data. In this work, we prefer to use metallicity indi-
cators of N2S2Hα and Scal, rather than N2 and O3N2.
Actually, Marino et al. (2013) calibrated the O3N2 and
N2 diagnostics to the Te-based method, and found that
the O3N2 and N2 diagnostics result in the uncertainty in
Oxygen abundance of 0.18 dex and 0.16 dex, respectively.
Given the similar ranges of the metallicity determined
by Scal, O3N2 and N2 for a given data set, the smaller
uncertainty of Scal diagnostic indicates a significant im-
provement over the previous O3N2 and N2 diagnostics.
This improvement may come from the fact that 1) Scal
use more emission line ratios, and 2) these break the de-
generacy between metallicity and ionization parameter
(also see Kreckel et al. 2019). The later is also true for
the N2S2Hα indicator.
3.3.3. The contamination from diffuse ionized gas
The fluxes of emission lines cannot be fully at-
tributed to star formation activity alone. The dif-
fuse ionized gas (DIG) makes a substantial contribu-
tion to the total emission-line flux from disk galax-
ies (Walterbos & Braun 1994; Ferguson et al. 1996;
Greenawalt et al. 1998), especially for regions of low
Hα surface brightness (Oey et al. 2007; Zhang et al.
2017). The line ratios for emission from HII regions
and DIG are different, reflecting their different physi-
cal origins. The empirical relations for deriving metal-
licity and SFR from line ratios and line strengths al-
ways assume that all of the line emission is due to
star formation. This assumption is not unreasonable if
the target regions are SF regions on the BPT diagram,
while a significant contamination from DIG is expected
in the “composite” and LINER regions. Compared
with HII regions, the DIG shows enhanced line ratios
in [NII]λ6584/Hα and [SII]λλ6717,6731/Hα (Reynolds
1985; Hoopes & Walterbos 2003; Madsen et al. 2006).
The emission from DIG moves the position of SF re-
gions towards the composite or LINER regions on the
BPT diagram (Sarzi et al. 2006; Yan & Blanton 2012;
Gomes et al. 2016).
In this work, we therefore only use the SF and com-
posite regions of galaxies, and exclude those spaxels that
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are classified as Seyfert or LINERs. However, the con-
tamination of DIG for the composite regions may still
be significant. Erroz-Ferrer et al. (2019) have identified
the regions in MAD galaxies in which star formation or
DIG is dominant. Following the method developed in
Blanc et al. (2009), they measured the fraction of flux
coming from DIG and from HII regions, and further de-
fined the DIG regions to be those in which the flux contri-
bution of HII regions is less than 60%. They found that
the HII regions show on average ∼0.1 dex higher metal-
licity than the DIG, while the metallicity radial gradient
in both components is similar. Following the analysis
of Erroz-Ferrer et al. (2019), in this work, we will use
all the spaxels in the SF or composite regions to do the
analysis, but ignoring whether they are classified as HII
regions or DIG. However, we have recalculated our main
result when only using the HII regions, and find that the
basic result remains unchanged. This indicates that the
contamination of DIG is not a big concern in the present
work.
4. OBSERVATIONAL ANALYSIS OF MAD
GALAXIES
4.1. Maps and profiles of sSFR and Zgas for MAD
galaxies
In Section 2, we investigated the behavior of the
SFR(t), the cold gas mass Mgas(t) and the gas-phase
metallicity Z(t) in the gas regulator system in response
to variations in the inflow rate Φ(t) and star-formation
efficiency SFE(t), and how this response depends on
the (assumed constant) wind mass-loading factor λ, and
metallicity of the inflowing gas Z0. Specifically, we
found a negative correlation between ∆SFR and ∆Z (i.e.
log SFR(t)/〈SFR〉 vs. logZ(t)/〈Z〉) when driving the
gas-regulator with time-varying inflow rate, and a pos-
itive correlation between ∆SFR and ∆Z when driving
with time-varying SFE(t). Therefore, one can in prin-
ciple identify the driving mechanism of star formation
activity by looking at the sign of the correlation between
SFR and gas-phase metallicity in observational data.
However, as pointed out above in Section 2.4, one
should look at the correlations of the relative values of
SFR and Z (i.e. the residuals ∆SFR and ∆Z in Fig-
ure 1 and Figure 2), rather than the absolute values, in
order to take out the effects of different 〈SFR〉 and 〈Z〉
for different galaxies or of different regions within them,
e.g. the overall mass-metallicity or mass-sSFR relations
or radial gradients in metallicity or sSFR within galaxies.
In this section, we will therefore construct radial pro-
files of sSFR and Z for the MAD galaxies, and use these
to construct localized ∆sSFR and ∆Z data points from
the observations.
Figure 6 shows an example of the radial profiles and
2-dimensional maps of sSFR and Zgas for one individual
MAD galaxy, NGC 1483. The top three panels of Fig-
ure 6 show the sSFR(r), and the Zgas(r) as estimated
by N2S2Hα and Scal as a function of radius for indi-
vidual spaxels. The Zgas based on N2S2Hα diagnostic is
denoted as Zgas-DOP16, and the Zgas based on Scal ap-
proach is denoted as Zgas-PG16. The radius used here
is the de-projected radius scaled by the effective radius
of the galaxy. In computing this de-projected radius we
use the disk inclination based on the measured minor-
to-major axis ratio and the position angle taken from
the S4G photometry (Salo et al. 2015), assuming an in-
finitely thin disk. In each of the top panels, the blue line
is a running median of 201 spaxels.
As shown, for NGC 1483 the distribution of the sSFR
at a given radius is quite strongly asymmetric, over
nearly the whole range of galactic radius. While the
sSFR of most spaxels are close to the median profile (or
lightly less), a small fraction of spaxels have sSFR that is
enhanced by up to an order of magnitude relative to the
median profile. This is due to the fact that star forma-
tion activity is not uniform across the disk, but happens
mostly in spiral arms or other star-formation regions.
The regions with strong of enhanced sSFR can clearly be
seen in the sSFR map in the middle-left panel of Figure
6. In addition, the sSFR profile shows a positive radial
gradient, which is consistent with the inside-out growth
expected in disk galaxies (e.g. Pe´rez et al. 2013; Li et al.
2015; Ibarra-Medel et al. 2016; Lilly & Carollo 2016;
Goddard et al. 2017; Rowlands et al. 2018; Wang et al.
2018b).
The impression of strong asymmetry is reduced in Zgas,
for both metallicity indicators. In addition, the over-
all Zgas profiles for both indicators have a negative ra-
dial gradient, consistent with the previous studies of disk
galaxies (e.g. Pilkington et al. 2012; Belfiore et al. 2017;
Erroz-Ferrer et al. 2019). This feature also can be seen
in the maps of Zgas, shown in the middle row of Fig-
ure 6. The measurements of Zgas based on N2S2Hα and
Scal are qualitatively consistent. However, for a given
dataset, Zgas-DOP16 is usually larger than Zgas-PG16,
and the range of Zgas-DOP16 is nearly twice as that of
Zgas-PG16. We note that the particular galaxy is typical
of the sample, and most of the SF disk galaxies show sim-
ilar features in sSFR and Zgas as shown for this galaxy.
As pointed out in Section 2.4, the gas-regulator pre-
dicts that the average SFR will only depend on the aver-
age inflow rate Φ0 and mass-loading factor λ, and the
average Zgas is determined by the effective yield, de-
fined from the wind mass-loading as y(1+ λ)−1, and the
metallicity of the inflowing gas Z0. In the gas-regulator
framework, the fitted average sSFR(r) and Zgas(r) pro-
files should therefore reflect the radial dependence of the
average inflow rate, wind mass-loading and/or Z0 (see
further discussion in Section 4.2.2). Therefore, the cor-
relation of the median sSFR vs. median Zgas is not the
one we want when comparing with the model predictions
in Figure 1 and Figure 2. In contrast, we should elimi-
nate this effect, which is caused by the time-invariant fac-
tors and focus instead on the values of individual spaxels
relative to these underlying trends, i.e. on the ∆sSFR
and ∆Zgas residuals when the underlying sSFR(r) and
Zgas(r) profiles are subtracted from each spaxel.
To achieve this, we first perform a linear fit to the
sSFR(r) and Zgas(r) profiles based on all the individual
spaxels. These fits are shown as red lines in the top pan-
els of Figure 6. As shown, for both sSFR or Zgas, the
linear fit is quite a good representation of the median
profile, although it is not perfect. We then define the
∆sSFR and ∆Zgas for each individual spaxel as the de-
viation of each spaxel from the fitted profile of sSFR(r)
or Zgas(r) respectively. In this way, we can eliminate the
overall radial dependences of sSFR and Zgas, as well as
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Fig. 6.— An example of the profiles and 2-d maps of SFR and Zgas for a representative MAD galaxy, NGC 1483. Top three panels:
The profiles of sSFR, Zgas-DOP16 and Zgas-PG16 for NGC1483. In each panel, the small dots show individual spaxels from NGC 1483,
the blue line is the running median profile, and the red line is a linear fit to the data points. Middle three panels: The 2-d maps of
sSFR, Zgas-DOP16 and Zgas-PG16 for NGC1483. In each panel, the white regions within the MUSE field of view are due to the fact
that these regions are located in the Seyfert or LINER regions according to the BPT diagram, where the SFR and Zgas can not be well
determined based on emission lines. Bottom three panels: The maps of ∆sSFR, ∆Zgas-DOP16 and ∆Zgas-PG16 for this galaxy. The
∆sSFR, ∆Zgas-DOP16 and ∆Zgas-PG16 of each individual spaxel are defined to the deviations from the red lines in the corresponding top
panels.
global differences between galaxies, such as the overall
sSFR or effects due to the mass-metallicity relation. In
the gas-regulator framework, these changes in 〈SFR〉 or
〈Zgas〉 will reflect differences (radially within galaxies or
from galaxy to galaxy) in the overall inflow rate, mass-
loading factor and Z0.
The bottom three panels of Figure 6 show the maps
of ∆sSFR and ∆Zgas that are obtained for NGC 1483
after removing the radial gradients in sSFR and Zgas.
It is immediately apparent that regions with enhanced
SFR, indicated by red bumps, nearly always show en-
hanced metallicity for both of the two metallicity indi-
cators. This is consistent with the previous analysis of
Kreckel et al. (2019) and Erroz-Ferrer et al. (2019), at
the similar spatial resolution of ∼100 pc. It should be
noted that the color scale used for ∆Zgas-DOP16 has
twice the range of that used for ∆Zgas-PG16.
Figure 7 shows the fitted linear profiles of sSFR(r),
Zgas(r)-DOP16 and Zgas(r)-PG16 for all the 38 MAD
galaxies. In displaying these profiles, we separate galax-
ies into three mass bins: logM∗/M⊙< 10.0 (blue
lines), 10.0 <logM∗/M⊙< 10.8 (green lines), and
10.8 <logM∗/M⊙ (red lines). As shown, almost all of
the MAD galaxies have positive radial gradients in sSFR
with only four exceptions. It can be seen that there is
no strong dependence of the sSFR profile on the stellar
mass of galaxies. While the profiles in Zgas have similar
slopes, the overall values show a very strong dependence
on global stellar mass, reflecting the MZR.
The definition of ∆sSFR and ∆Zgas for the individual
spaxels, based on Figure 7, enables us to investigate the
correlations of ∆sSFR vs. ∆Zgas for small-scale regions
(∼100 pc) within individual MAD galaxies. However,
one can well imagine that the physical processes driv-
ing the small-scale star formation, may be very different
from those driving the star formation on galactic scales
and this motivates define analogous quantities, ∆sSFR
and ∆Zgas to reflect the it global properties of galaxies
with the MAD population. For this purpose, we choose
the fitted values of sSFR and Zgas at 0.5Re (see the red
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Fig. 7.— The linearly fitted profiles of sSFR (left panel), Zgas-DOP16 (middle panel), and Zgas-PG16 (right panel) for all MAD galaxies.
In each panel, the MAD galaxies are separated into three color-coded stellar mass bins: logM∗/M⊙< 10.0 (blue), 10.0 <logM∗/M⊙< 10.8
(green), and 10.8 <logM∗/M⊙ (red).
Fig. 8.— The sSFR (left panel), Zgas-DOP16 (middle panel) and Zgas-PG16 (right panel) at 0.5Re as a function of the stellar mass for
the MAD galaxies. In each panel, the data points are color-coded with the stellar mass, and the black solid line is the linear fit to the data
points.
lines in the top panels of Figure 6) as a representative of
the global properties of individual galaxies4, because the
spatial coverage for MAD galaxies generally extends to
at least 0.5Re.
Figure 8 shows the sSFR(0.5Re), Zgas(0.5Re)-DOP16
and Zgas(0.5Re)-PG16 as a function of the overall stellar
mass of the galaxies. The sSFR(0.5Re) decreases slightly
with stellar mass, and Zgas(0.5Re) increases significantly
with stellar mass, for both metallicity indicators. Both of
these trends are of course well-established for SF galaxies
in the literature. As pointed out above, in the framework
of gas-regulator model, the dependence of sSFR and Zgas
on stellar mass is due to the stellar mass-dependence of
the inflow rate, λ and Z0 (see Equation 22 and Equation
23 and discussion in Lilly et al. 2013). To eliminate the
mass dependence, we perform a linear fit for each of these
two relation, as shown with the black lines in Figure 8.
In a similar way, for each individual MAD galaxy, we can
then define the ∆sSFR(0.5Re) or ∆Zgas(0.5Re) to be the
deviation of an individual galaxy from the linearly fitted
4 We realize that the sSFR and Zgas at one specific galactic ra-
dius can not perfectly reflect the global sSFR and gas-phase metal-
licities, because both sSFR and Zgas show radial gradients. In Sec-
tion 5.1, we will treat the sSFR and Zgas that are measured within
1.5Re as a representative of global quantities for MaNGA galaxies.
relation. This is useful to study the driving mechanisms
of star formation from galaxy to galaxy within the pop-
ulation.
We note that in this section we have defined the change
parameter as ∆sSFR, rather than the ∆SFR used in ex-
ploring the model predictions (see Figure 1 and 2). This
is to eliminate the effect that regions of different Σ∗ may
have different ΣSFR even at the same galactic radius for
a given disk galaxy. In Appendix B, we repeat the our
basic analysis by defining the ∆sSFR and ∆Zgas for in-
dividual spaxels using average relations with Σ∗ rather
than with galactic radius, and find that the basic results
remain the same.
4.2. Correlations between ∆sSFR and ∆Zgas on
different spatial scales
To compare with our theoretical expectations of the
gas-regulator model constructed in Section 4.1, we have
defined in the previous section ∆sSFR and ∆Zgas both
on the 100-pc scale of individual spaxels in MAD galax-
ies, and for the much larger galactic scale of MAD galax-
ies as a whole (defined at 0.5Re). In this section, we
will explore the correlations between ∆sSFR and ∆Zgas
on these scales, and interpret the results in terms of the
predictions of the gas-regulator model.
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Fig. 9.— (a), The ∆sSFR-∆Zgas diagram for all the usable spaxels of MAD galaxies. The grayscale shows the number density of spaxels
in logarithmic space. The contours show the constant number density of spaxels decreasing 0.5 dex from inner outwards. (b), Bisector fits
for the individual spaxels on the ∆sSFR-∆Zgas diagram. The lines correspond to the individual MAD galaxies color-coded by the overall
stellar mass. The length of the line is determined by the range of ∆sSFR for each individual galaxy. (c), The sSFR-Zgas relation of the
fitted profiles of sSFR and Zgas (shown in Figure 7) for MAD galaxies, color-coded by the stellar mass. The triangles shows the values of
sSFR and Zgas at 0.5Re for each individual galaxies. The black solid line in this panel shows the sSFR-Zgas relation for the fitted relation
of sSFR(0.5Re)-M∗ and Zgas(0.5Re)-M∗ relations, which are determined in Figure 8. (d), The ∆sSFR-∆Zgas relation of the fitted profiles
of sSFR and Zgas for individual MAD galaxies. The colored lines in panel (d) are taken from panel (c) but shifting the lines with the sSFR
and Zgas at 0.5Re (indicated by the triangles) to be zero. (e), The ∆sSFR(0.5Re)-∆Zgas(0.5Re) diagram for the 38 MAD galaxies, with
the color-coding of stellar mass. In panel (e), the black line is the bisector fits of the data points. In all five panels, the scale of x-axis (or
y-axis) are the same in displaying, so that the readers can directly compare the slope of the lines in all five panels. We note that, in all the
panels, the gas-phase metallicity is measured based on the empirical formula from DOP16. See text for further details.
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Fig. 10.— The same as Figure 9, but using the gas-phase metallicity based on the empirical formula from PG16.
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Fig. 11.— Left panel: The distribution of the Pearson correlation coefficient for the ∆sSFR-∆Zgas-DOP16 relation of the individual
spaxels for 38 MAD galaxies. We measure two kinds of Pearson correlation coefficient: one is without weighting the spaxels (black
histogram), and the other is after weighting the spaxels by their SFR (red histogram). Right panel: The same as the left panel, but using
Zgas-PG16.
4.2.1. 100-pc scales
We first look at the ∆sSFR-∆Zgas relation on scales
of ∼100 pc. The panel (a) of Figure 9 shows the dis-
tribution of all valid MAD spaxels on the ∆sSFR vs.
∆Zgas-DOP16 diagram. The grayscale shows the num-
ber density of spaxels in logarithmic space. In present-
ing the panel (a), we assign each MAD galaxy the same
weight. In other words, for a given MAD galaxy, we
weight the individual spaxels of that galaxy by N−1spaxel,
where Nspaxel is the total number of valid spaxels for that
particular galaxy.
As a whole, we find a significant positive correlation
between ∆sSFR and ∆Zgas-DOP16 for all the individual
spaxels in the 38 MAD galaxies. Furthermore, we also
investigate the correlation of ∆sSFR vs. ∆Zgas for each
individual MAD galaxy. The panel (b) of Figure 9 shows
bisector fits of ∆sSFR vs. ∆Zgas-DOP16 relation of in-
dividual spaxels for each of the 38 MAD galaxies. Here
we adopt a bisector fitting, because there is no reason
for us to prefer regression of ∆Zgas on ∆sSFR or ∆sSFR
on ∆Zgas. As can be seen, consistent with the result of
panel (a), the ∆sSFR and ∆Zgas-DOP16 show positive
correlation for 37 of the 38 MAD galaxies with only one
exception. The exception is NGC 4030, the most massive
galaxy in MAD sample. Inspection of the color-coding
suggests that this result is not dependent on the mass of
the galaxy.
The same analysis is repeated for the Zgas-PG16, in
the panels (a) and (b) of Figure 10. Overall, we find
that ∆sSFR and ∆Zgas-PG16 still show a positive cor-
relation, although not as significant as in panel (a) of
Figure 9. Consistent with this, panel (b) shows that 32
of the MAD galaxies show positive correlations of ∆sSFR
vs. ∆Zgas-PG16, but now 6 MAD galaxies show negative
correlations.
To quantify the significance of the correlation, we cal-
culate the distribution of Pearson correlation coefficients
for the 38 MAD galaxies in Figure 11. For each indi-
vidual MAD galaxy, the coefficient is calculated in two
ways, by weighting the individual spaxels equally and by
weighting them by the SFR of the spaxels. As shown,
for both the approaches of computing correlation coeffi-
cient, and for both the metallicity indicators, we find that
most of the coefficients are positive with only a few less
than zero. This is consistent with the results in panels
(a) and (b) of the Figure 9 and Figure 10. The cor-
relation of ∆sSFR vs. ∆Zgas becomes more significant
when weighting the spaxels with their SFR. This is due to
the fact that regions with strongly enhanced star forma-
tion, always show enhanced gas-phase metallicity (also
see panel (a) of Figure 9 and 10). This is both visible
to the eye in Figure 6 and may reflect the point made in
the context of Figure 2 in Section 2.3 that the positive
correlations caused by step function changes to the SFE
are most clearly seen when the SFR is highest.
In the gas-regulator framework, we showed that the
∆SFR (or ∆sSFR) and ∆Zgas will be positively corre-
lated when the gas-regulator system is driven by a time-
varying SFE (see Figure 2). Comparing the model pre-
dictions with the panel (a) of Figure 9 or Figure 10, we
can conclude that at ∼100 pc scales within galaxies, the
variation of SFR (and Zgas) is due to a time-varying SFE
experienced by a particular packet of gas. This conclu-
sion implies an assumption that different spatial regions
of galaxies, around an annulus of given galactic radius,
constitute different temporal phases of a gas packet, as
modelled in Figure 2. This assumption is not unrea-
sonable, and is supported by other strong observational
evidence in favour of a time-varying SFE at ∼100 pc
scale.
Leroy et al. (2013) and Kreckel et al. (2018) have
found that the dispersion of the SFE based on molec-
ular gas measurements increases significantly towards
smaller scales (see also Kruijssen & Longmore 2014).
Specifically, the scatter of the SFE is ∼0.4 dex at
∼ 100 pc (Kreckel et al. 2018). Consistent with this,
Kruijssen et al. (2019) and Chevance et al. (2020) have
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shown that molecular gas mass and star formation rates
are spatially de-correlated on the scales of individual
GMCs in nearby disk galaxies, contrary to the tight cor-
relation seen on kpc- and galactic-scales (e.g. Shi et al.
2011; Bigiel et al. 2008). This de-correlation implies
rapid temporal cycling between GMCs, star formation,
likely involving feedback processes. By using this de-
correlation, Chevance et al. (2020) constrain the prop-
erties of GMC and claimed that the GMC lifetimes are
typically 1030 Myr, which consists of a long inert phase
without massive star formation and a short phase (of
less than 5 Myr) with a burst of star formation. These
observational results indicate a strong spatial variation
of SFE at ∼100 pc scales, simultaneously suggesting a
strong temporal variation of SFE for a given packet of
gas.
In Section 2.3, we constructed two models of time-
varying SFE(t) in the form of both a sinusoidal function
and a periodic step-function. According to the above dis-
cussion, we find that the SFE(t) at ∼100 pc scale may be
better characterized by a step-function with a short du-
ration of top-phase and a long duration of bottom-phase,
rather than the sinusoidal model. Consistent with this,
we find the model prediction with the step-function is
in good qualitative agreement with the observational re-
sults. Specifically, the distribution of ∆sSFR is strongly
asymmetric with a very small fraction of spaxels showing
strongly enhanced SFR, and with these regions also show
strongly enhanced metallicity, as found in the panel (a) of
both Figure 9 and 10. These features can also be found in
the model prediction shown in the bottom-middle panel
of Figure 2.
It goes without saying that the models explored in Sec-
tion 2 are simple heuristic models, which cannot be ex-
pected to explain all the details of the situation. Not
least, timescales of star-formation of only 10-30 Myr
(Chevance et al. 2020) are comparable to the timescales
for chemical enrichment, an effect neglected by our use
of the instantaneous recycling approximation in Section
2. Nevertheless, we can conclude qualitatively that the
variation of SFR and gas-phase metallicity on 100 pc
scales is primarily due to a time-varying star formation
efficiency experienced by the gas.
4.2.2. Sub-galactic scales
The two Panels (c) on Figures 9 and 10 show the cor-
relation between the average sSFR and the average Zgas,
as at a given galactic radius, for all 38 MAD galaxies,
color-coded by their stellar mass. These are obtained by
combining the linear fits of sSFR(r) and Zgas(r) (see Fig-
ure 7 in Section 4.1) to eliminate r and thereby produce
a linear sSFR-Zgas relation for each galaxy. The trian-
gular points on each line show the values of sSFR and
Zgas at a fiducial 0.5Re, chosen to be representative of
the global quantities for the galaxies. Since the metallic-
ity profiles of MAD galaxies always show negative radial
gradients, for a given line segment in these Panels, the
central regions of the galaxies correspond to the higher
Zgas end of each line segment, which generally also have
lower sSFR.
These individual lines in the Panels (c) therefore repre-
sent the radial variations of sSFR and Zgas within a given
galaxy, i.e. on sub-galactic scales. All azimuthal varia-
tions are eliminated and the radial variations are greatly
smoothed out by the linear fits to sSFR and metallicity.
Shifting these lines to align the triangles would there-
fore produce a residual plot that would in principle be
directly analogous to that in the Panels (b). This is done
in the Panels (d).
Comparing the lines in the panels (d) with those in
the panels (b) of Figure 9 and 10, it is clear that the
correlation of ∆sSFR and ∆Zgas on these larger “sub-
galactic” scales show the opposite correlation to that seen
on 100-pc scales. Almost all the individual galaxies show
positive correlations on 100-pc scales in the Panels (b)
but most, especially at low stellar masses, show a nega-
tive correlation between in the Panels (d). It should be
noted that the trend with stellar mass of the galaxy is
much clearer than in the Panels (b).
The interpretation of the (anti-)correlation of ∆sSFR
and ∆Zgas radially across the galaxy is less trivially in-
terpreted than the positive correlation on 100-pc scales
in Section 4.2.1 or, we will argue, on larger galactic scales
in Section 4.2.3 below.
Positive radial gradients of sSFR are certainly ex-
pected from the inside-out growth of disks (see e.g.
Lilly & Carollo 2016). How can this obvious effect be in-
corporated into the gas-regulator formalism? Inside-out
growth of disk galaxies trivially produces a strong radial
dependence of the mean specific inflow rate since, as de-
fined by Lilly et al. (2013), this is just the current inflow
rate divided by the integral over all time of the past in-
flow rate. Since a basic feature of the gas-regulator is to
set the sSFR to be equal to the specific inflow rate (see
Lilly et al. 2013), this implied gradient in specific inflow
rate would be expected to produce an equivalent gradient
in sSFR. The negative correlation of ∆sSFR and ∆Zgas
in the Panels (c) could then again be interpreted as the
signature of changes in the inflow rate, albeit occurring
on cosmological timescales.
However, an important difference between these radial
“sub-galactic” variations and those on both smaller (Sec-
tion 4.2.1) and larger (Section 4.2.3 below) scales con-
cerns the potential effects of the wind mass-loading term,
λ and/or possibly the metallicity of inflow gas, Z0. On
100-pc scales, we normalised each spaxel by the average
properties of all the spaxels at the same galactic radius
in the same galaxy. We might expect the λ and Z0 to
be the same for all these pixels if they are determined
by the location within the galactic potential well. Like-
wise, on the larger scales when we consider the integrated
properties of galaxies, we will normalise by the average
properties of galaxies with the same integrated stellar
mass, which again we may argue are likely have similar
overall values of λ and Z0. But, in the current subsec-
tion where we are looking at radial variations of sSFR
and Zgas within galaxies, it is very likely that there will
be a positive radial gradient in λ(r) (and a possibly nega-
tive radial gradient in Z0). According to the Equation 23
that the average Zgas is determined by Z0+ yeff, there is
no difficulty to produce a negative gradient in Zgas with
a positive gradient in λ and/or a negative gradient in Z0.
We will return to the radial profiles of (s)SFR and
∆Zgas below in Section 5.2, where we analyze the
MaNGA sample, which is not only much larger but ex-
tends over a much larger radial range, albeit at much
poorer spatial resolution.
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4.2.3. Galactic scales
Finally, the two Panels (e) of Figures 9 and 10
show the correlations between the residuals of the
overall sSFR and metallicity, i.e. ∆sSFR(0.5Re) and
∆Zgas(0.5Re), for each MAD galaxy, once the overall
trends of sSFR(0.5Re) and Zgas(0.5Re) with galactic stel-
lar mass (shown in Figure 8) are taken out. Each trian-
gle represents an individual MAD galaxy with the color-
coding of its stellar mass.
The Panels (d) on the two figures therefore show
whether a given MAD galaxy is overall elevated or de-
pressed in sSFR and Zgas relative to other galaxies of
the same mass. They are therefore completely analo-
gous (albeit with a vastly different number of points) to
the Panels (a) which showed whether individual spaxels
within a MAD galaxy were elevated or depressed in these
two quantities relative to the other spaxels at the same
radial location within the same galaxy. As argued in the
previous subsection, the effects of any systematic varia-
tions of wind mass-loading and metallicity of inflow gas
with stellar mass should not be present in this diagram.
The black solid lines in the Panels (d) show a bisec-
tor fit for the data points. For both metallicity indica-
tors, a negative correlation between ∆sSFR(0.5Re) and
∆Zgas(0.5Re) on galactic scales can clearly be seen. The
Pearson correlation coefficients are −0.23 and −0.17 for
the N2S2Hα and Scal indicators, respectively. This nega-
tive correlation and fit is in clear contrast to the positive
correlation and fits on 100-pc scales that are shown in
the (directly analogous) Panels (a) and (b).
Given the limit number of MAD galaxies that are avail-
able, one might be concerned of the statistical validity of
the reversal of sign between the negative correlation in
Panels (e). Therefore, in the next section of the paper,
we perform a similar analysis on the much larger sample
of 976 MaNGA galaxies, and find completely consistent
results in this much larger sample.
Comparing the above result with the model prediction
in Section 2.2, we conclude that the inverse correlation
between variations in the overall sSFR and Zgas across
the galaxy population at a given mass, are due to tempo-
ral variations in the inflow rate onto the galaxies. This
is in marked contrast to the situation on 100-pc scales,
where we argued that the positive correlation between
these quantities was the clear signature of temporal vari-
ations in the SFE as a given packet of gas enters and
leaves regions of high SFE.
Finally, it should be noted in passing that the ob-
served negative correlation between the overall ∆sSFR
and ∆Zgas in the Panels (e) is a straightforward man-
ifestation of the existence of SFR as a second parame-
ter in the mass-metallicity relation (e.g. Mannucci et al.
2010; Salim et al. 2014; Cresci et al. 2019; Curti et al.
2020). It has further been claimed that the Z(M∗, SFR)
relation is epoch-independent, i.e. that there is a so-
called FMR (e.g. Richard et al. 2011; Nakajima et al.
2012; Huang et al. 2019). One of the successes of the
gas-regulator model presented by Lilly et al. (2013) was
to provide a natural analytic explanation for the presence
of SFR as a second parameter and even to predict that
the Z(M∗, SFR) relation could well be more or less epoch
independent. The Lilly et al. (2013) analysis considered
in the first instance a constant specific inflow rate. But a
steady specific inflow implicitly produces an increase in
the inflow rate. If the specific inflow changes in such a
way that the inflow rate is constant, then the sensitivity
to the SFR vanishes (see Lilly et al. (2013) for discussion,
also the Appendix to Onodera et al. (2016)).
This emphasizes both that the anti-correlation in Panel
(e) is not a new or controversial observational result, and
also, in a very general sense, that this negative correla-
tion between overall metallicity and star-formation rate
on galactic scales is fundamentally driven by changes to
the inflow rate, as discussed in this paper.
4.3. Quantitative interpretation of the dispersion of
gas-phase metallicity and sSFR on 100-pc scales
in MAD galaxies
We showed in Section 2 that the relative strength of
variations in the SFR and metallicity of the gas-regulator
should depend on the response timescale of the sys-
tem, set by the gas depletion timescale, relative to the
timescales of any driving variations in the inflow or in the
SFE. The Equation 21 describes the relative amplitude
of these variations, characterized by σ(∆Zgas)/σ(∆SFR)
across the population, as a function of ξ when driving the
gas-regulator system with sinusoidal SFE(t). According
to Equation 21, the σ(∆Zgas)/σ(∆SFR) should decreases
with increasing ξ, i.e. decrease with increasing effective
gas depletion time if we ignore the possible variation of
the driving period of SFE(t) (see Figure 5).
We have therefore calculated the dispersions across the
spaxels of the residual quantities ∆Zgas and ∆SFR that
were plotted in the two Panels (a) in Figures 9 and 10 for
the two metallicity indicators respectively. We calculate
this dispersion for each of the MAD galaxies respectively.
Figure 12 shows the resulting ratios of σ(∆Zgas) to
σ(∆sSFR) for each of the 38 MAD galaxies for the two
metallicity indicators. It is obvious that the σ(∆Zgas)
based on N2S2Hα is overall greater than that based on
Scal. This is not a noise issue, but is due to the fact
that the range of Zgas-DOP16 is nearly twice the range
of Zgas-PG16 for a given dataset, as mentioned earlier
in this paper. This systematic uncertainty hinders the
quantitative interpretation of these dispersions, although
trends established within a single estimator (i.e. within
a single panel of Figure 12) should have some validity.
As can be seen, the σ(∆Zgas)/σ(∆sSFR) based on
N2S2Hα is in the range of 0.12 to 0.42 with the me-
dian value of 0.24. The σ(∆Zgas)/σ(∆sSFR) based on
Scal is about a half this value, mostly in the range of
0.06-0.17 with a median value of 0.11. We do not find a
significant dependence of σ(∆Zgas)/σ(∆sSFR) on stellar
mass, except possibly for an increase at the lowest stellar
masses below 109M⊙. The MAD galaxy with the largest
σ(∆Zgas)/σ(∆sSFR) is ESO499-G37. A small fraction of
spaxels in ESO499-G37 have logN2< −0.6, resulting in
very low metallicity in these regions (see Equation 28),
and producing a large dispersion in ∆Zgas-PG16.
Although we suspect that a sinusoidally time-varying
SFE is not likely to be realistic in the universe at
∼100 pc, Equation 21 (also see Figure 3) does permit a
rough order of magnitude estimate of whether these rel-
ative dispersions are reasonable and of the approximate
timescales involved.
If we examine what values of ξ in Equation 21 pro-
duce the observed σ(∆Zgas)/σ(∆sSFR) for typical MAD
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Fig. 12.— Left panel: The ratio of σ(∆Zgas) to σ(∆sSFR) for the 38 MAD galaxies. For each MAD galaxies, the σ(∆Zgas) (or
σ(∆sSFR)) is the standard deviation of ∆Zgas (or ∆sSFR) for the all the individual spaxels in this galaxy. The data points are color-coded
with the stellar masses. Right panel: The same as the left panel, but using Zgas-PG16.
galaxies, i.e. 0.24 and 0.12 for the two metallicity estima-
tors, then these are log ξ = 0.607 for N2S2Hα, and log ξ =
0.956 for Scal at Z0 = 0. If we take 1 Gyr as a reason-
able estimate for the effective gas depletion timescale for
the overall galaxy population (see W19), we get rough
estimates of Tp = 1.5 Gyr for N2S2Hα, and Tp = 0.7 Gyr
for Scal as the nominal period of a time-varying SFE.
Intriguingly, in the Milky Way, a periodic star for-
mation history with a period of ∼0.5 Gyr has been
suggested in the solar neighborhood, from analysis of
the resolved stellar population (Hernandez et al. 2000;
de la Fuente Marcos & de la Fuente Marcos 2004). As
further pointed out by Egusa et al. (2009), this peri-
odic star formation history may be associated with the
passage of the spiral potential in the density wave the-
ory (Lin et al. 1969). Assuming that the potential has
a two-armed pattern as suggested by Drimmel (2000),
the pattern speed can be calculated as ΩP = Ω(r =
R⊙) − pi/(0.5 Gyr) = 21 km s−1 kpc−1. This is also
consistent with the result from numerical simulations of
the stellar and gaseous response to the spiral potential,
presented by Martos et al. (2004).
It is quite suggestive that this same sort of timescale
emerges in our own analysis of the metallicities in terms
of a periodically varying SFE, and suggests that the pe-
riodic (or time-varying) SFE(t) relevant on 100-pc scales
may be explained by the passage of orbiting packets of
gas through the spiral density wave. However, given the
many steps and uncertainties in our analysis, we certainly
caution against over-interpretation of our analysis.
5. ANALYSIS OF MANGA GALAXIES
In the previous section of the paper, we have presented
results based on MAD galaxies. The high spatial resolu-
tion of MAD galaxies enables us to obtain a robust sta-
tistical analysis on the correlation of the ∆sSFR-∆Zgas
on 100 pc scales. However, the analysis at galactic scales
needs to be verified because of the limited sample size
of MAD galaxies. In this section, we therefore present a
similar analysis as in Section 4 by using a well-defined set
of SF MaNGA galaxies. The MaNGA sample used in this
work includes 976 SF galaxies, which is ∼25 times larger
than the MAD sample. The spatial coverage of MaNGA
sample is also greater than 1.5Re, which is larger than
the MAD coverage as a whole. However, the spatial res-
olution of MaNGA galaxies (1-2 kpc) is much worse than
that of MAD galaxies. Therefore, we only focus on the
analysis on galactic and “sub-galactic” scales for MaNGA
galaxies in this section, rather than on individual spaxels.
5.1. Correlations of the integrated ∆sSFR and ∆Zgas
for MaNGA galaxies
In Section 4.2.3 we examined the relation between the
measure of the overall, i.e. “galactic-scale”, ∆sSFR-
∆Zgas for MAD galaxies, taking as measures of these
quantities the values from the radial profiles at a fidu-
cial radius of 0.5 Re, as shown for the 38 MAD galaxies
in the two Panels (e) in Figures 9 and 10. Since the
MaNGA coverage usually extends further than 1.5Re for
individual galaxies, we can now measure the integrated
sSFR and Zgas within 1.5Re. The Zgas within 1.5Re is
computed as the Hα luminosity weighted Zgas for all the
spaxels within 1.5Re. This is probably more represen-
tative of the global quantities than the sSFR (or Zgas)
that was measured in the MAD sample at one particular
radius.
As before, we first construct the sSFR(<1.5Re) vs.
mass and Zgas(<1.5Re) vs. mass relations, and use these
to normalize the measurements of individual galaxies.
The first is obtained with a linear fit of the sSFR(<1.5Re)
vs. stellar mass relation. For the metallicity, we do a
polynomial fit to the Zgas(<1.5Re) vs. stellar mass rela-
tion, since it clearly flattens at the high-mass end. For
each individual MaNGA galaxy, we thereby define the
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Fig. 13.— The ∆sSFR(<1.5Re)-∆Zgas(<1.5Re) diagram for MaNGA SF galaxies, color-coded by integrated stellar mass. Unlike in
the panel (e) of Figure 9 and Figure 10, we use the integrated sSFR (and Zgas) measured within 1.5Re to be representative of the global
quantity, rather than using the values at one specific galactic radius. In both panels, the black lines are the bi-sector fittings of the data
points.
∆sSFR(<1.5Re) and ∆Zgas(<1.5Re) to be the (logarith-
mic) deviation from these relations.
The correlation between ∆sSFR(<1.5Re) and
∆Zgas(<1.5Re) for the MaNGA sample is shown for the
two metallicity indicators in the two panels of Figure 13.
As shown, enlarging the sample size by a factor of about
25, the negative correlation between ∆sSFR and ∆Zgas
is very clearly seen for both metallicity indicators. The
Pearson correlation coefficients for the MaNGA sample
are −0.23 and −0.36 for N2S2Hα and Scal indicators,
respectively.
For each metallicity indicator, the linear slopes ob-
tained in MaNGA by bi-sector fitting are very similar
to those seen in the MAD sample (Panels (e) of Figures
9 and 10). However, we note again that the slopes for the
two metallicity indicators are significantly different, due
to the range of Zgas-DOP16 being nearly twice of that of
Zgas-PG16. As also noted above, this clear inverse cor-
relation is a re-statement of the existence of SFR as a
(negative) second parameter in the mass-metallicity re-
lation.
5.2. Radial profiles of sSFR and Zgas for MaNGA
galaxies
In the previous analyses, we focused on the correlation
of ∆sSFR vs. ∆Zgas on different spatial scales: the 100-
pc scales within galaxies and the scale of entire galaxies.
We discussed how they revealed the driving of the SFR in
the gas-regulator framework, arguing that on the smaller
scales temporal variations in SFE are responsible while
on galaxy scales it is temporal variations in the accretion
rate. These conclusions result from the opposite sign of
the correlations between the residuals ∆sSFR and ∆Zgas
obtained by normalizing the observed values by appro-
priate fiducial values.
We now turn to look more closely at the radial vari-
ations of SFR and Zgas in galaxies and how these vary
across the galaxy population, using again the MaNGA
sample. This analysis may be regarded as an extension
of the analysis of SFR profiles that was presented in W19.
In W19, we investigated the dependence of the normal-
ized star-formation surface density profiles, ΣSFR(R/Re)
of star-forming MaNGA galaxies on the overall stellar
mass and on ∆sSFR(<Re), the vertical deviation of the
galaxy from the “nominal” SFMS5. We showed (figure 5
of that paper) that star-forming MaNGA galaxies that
lie significantly above (or below) the overall SFMS show
an elevation (or suppression) of SFR at all radii. In ad-
dition, we showed that whereas at low stellar masses this
elevation (suppression) of star-formation is more or less
uniform with radius, for the more massive galaxies the el-
evation (or suppression) of star-formation becomes more
pronounced in the central regions of the galaxies. As
a direct consequence of this, the dispersion in the (nor-
malized) ΣSFR across the galaxy population, which we
designated σ(∆ΣSFR) was found to be correlated with
the local surface mass density, which is equivalent to an
inverse correlation with the gas depletion timescale in the
extended Schmidt Law (Shi et al. 2011), since in that lo-
cal surface density and the gas depletion timescale are
directly related. This result was shown in figure 9 of
W19.
In this subsection, we will carry out an analogous study
of the metallicity profiles for the same MaNGA galaxies
used in W19. We will investigate the dependence of these
metallicity profiles on stellar mass and the deviation from
the SFMS, analogously to the analysis of ΣSFR in that
paper.
For consistency with that earlier work, we use the
∆sSFR(<Re) to separate galaxies. Galaxies are clas-
sified into four sub-samples: 0.33< ∆sSFR(<Re),
5 The “nominal” SFMS is the linear fitted relation of SFR(<Re)
versus M∗(<Re) for the SF galaxies of MaNGA (see more details
in section 2 of W19).
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Fig. 14.— The median gas-phase metallicity profile for MaNGA sample galaxies at given stellar mass and a given ∆sSFR(<Re).
The ∆sSFR(<Re) is defined to be the vertical deviation (i.e. in sSFR) from the “nominal” SFMS, i.e. sSFR(<Re)-M∗(<Re) relation
(Wang et al. 2019). The blue, green, yellow and red profiles are the median Zgas profiles of galaxies with 0.33 < ∆sSFR(<Re), 0.0 <
∆sSFR(<Re)< 0.33, −0.33 < ∆sSFR(<Re)< 0.0 and ∆sSFR(<Re)< −0.33, respectively. The width of each profile is calculated using the
boot-strap method from the sample in question. We note that the gas-phase metallicity profile here is generated based on Zgas-DOP16.
Fig. 15.— The same as Figure 14, but using Zgas-PG16.
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0.0< ∆sSFR(<Re)<0.33, −0.33< ∆sSFR(<Re)<0.0
and ∆sSFR(<Re)< −0.33 and further split the sample
into five bins of overall stellar mass, as in W19. For
each individual galaxy, we first compute a radial profile
of Zgas, determined as the median Zgas of spaxels located
within each radial bin. In each of these subsamples we
then construct the median Zgas(r/Re) radial profiles, us-
ing the two metallicity estimators in turn, and estimating
uncertainties by boot-strapping the sample galaxies.
Figure 14 shows the median Zgas-DOP16 profiles for
these sub-samples of galaxies. In each stellar mass
bin, the metallicity profiles are displayed in the blue,
green, yellow and red in descending order of their overall
∆sSFR(<Re). Figure 15 is the same as Figure 14 but for
Zgas-PG16.
The first-order result is clear: independent of which
metallicity indicator is used, low mass galaxies that lie
significantly above (or below) the SFMS in their overall
sSFR, have systematically lower (or higher) Zgas over the
whole galactic radii. This dependence of Zgas on ∆sSFR
however decreases (and even vanishes and possibly re-
verses) with increasing stellar mass. There is some evi-
dence that it also decreases to the centers of the galaxies
(see for example the higher mass bins in Figure 14).
The result of Figure 14 is broadly consistent with the
result of Figure 15, except for the highest mass bins. In
the highest mass bin of Figure 15, a positive correlation
between ∆sSFR and ∆Zgas can be seen, which is clearly
opposite to the result of other mass bins. This might
be due to the failure of the N2S2Hα indicator that the
assumed N/O-O/H relation does not hold for the most
massive SF galaxies.
The overall negative correlation between the overall
∆sSFR and Zgas shown by the sets of profiles in Figures
14 and 15 is another manifestation of the inverse corre-
lations in Panels (e) of Figures 9 and 10 and in Figure
13. We can then argue that these indicate that time-
varying inflows are the primary drivers of variations of
sSFR and Zgas, across the galaxy population (also see
W19; Wang & Lilly 2020b). As noted above, this re-
sult is a manifestation of the general presence of SFR
as a (negative) second parameter in the overall mass-
metallicity relation (e.g. Mannucci et al. 2010). The fact
that we see the range of Zgas (at given R/Re) decreasing
with stellar mass is also consistent with previous studies
of the overall Z(M∗, SFR) relation (e.g. Mannucci et al.
2010; Curti et al. 2020).
It is quite striking however, when comparing the Fig-
ures 14 and 15 with figure 5 in W19, how the dispersion
of Zgas (at a given mass and radius) behaves in the oppo-
site way to the dispersion in (normalized) ΣSFR shown in
our previous work. Whereas the former decreases with
increasing stellar mass (and possibly towards the centers
of galaxies), the dispersion of ΣSFR (or sSFR) does not
vary much with mass but increases towards the centers
of galaxies. We will discuss this in detail in the next
Section 5.3.
5.3. Quantitative interpretation of the dispersion of
gas-phase metallicity and sSFR in MaNGA
galaxies
As discussed in Section 2, the simple gas-regulator
model predicts not only the sign of the correlation be-
tween ∆SFR and ∆Zgas, but also the variation of ∆SFR
and ∆Zgas as a function of ξ (see Figure 3) defined as
the ratio of the driving period to the effective gas deple-
tion timescale in Equation 7. In this subsection, we will
investigate more quantitatively the variation of ∆SFR
and ∆Zgas in MaNGA galaxies. This will inevitably run
up against the systematic uncertainties arising from the
significantly different outputs of our two chosen metal-
licity indicators. We can however try to minimize the
effects of these by looking at relative effects across the
galaxy population, expecting that systematic effects will
thereby cancel out.
In W19, we constructed the ΣSFR profiles for MaNGA
galaxies at five different stellar mass bins and defined the
parameter ∆ΣSFR as the deviation of a given galaxy from
the median ΣSFR profile at a given galactic radius and
in a given stellar mass bin. We then computed the dis-
persion of this quantity across the population within five
stellar mass bins and within five radial bins of r/Re. It
was found that the scatter of ∆ΣSFR, which we denoted
as σ(∆ΣSFR), increases significantly with stellar surface
mass density, Σ∗. We interpreted this trend in terms of a
decreasing gas depletion time, linking the stellar surface
mass density to the gas depletion timescale via the ex-
tended Schmidt law (Shi et al. 2011), i.e. τdep ∝ Σ−1/2∗ .
The trend with the inferred gas depletion time was found
to be consistent with the model predication of time-
varying inflow rate driven scenario, provided that the
driving period of the inflow was more or less the same
for all galaxies. In this subsection, we look at the analo-
gous variation of ∆Zgas in the population, and compare
the result with the model predictions.
Similar to the definition of ∆ΣSFR, we define the ∆Zgas
to be the deviation from the median Zgas at a given spe-
cific radius and a given stellar mass bin. We then com-
pute the dispersion of this quantity, σ(∆Zgas), and com-
pare this to the dispersion of the completely independent
(normalised) star-formation surface density, σ(∆ΣSFR)
used in W19.
Figure 16 shows the ratio of σ(∆Zgas) to σ(∆ΣSFR)
as a function of the inferred gas depletion time, for both
metallicity indicators. In each panel of Figure 16, differ-
ent colors are used for different stellar mass bins. The dif-
ferent data points of the same color represent the differ-
ent radial bins, evenly spaced with a bin width of 0.2Re.
At a fixed stellar mass bin, the τdep monotonically in-
creases with galactic radius as Σ∗ decreases. As in W19,
data points at galactic radii larger than Re are indicated
in gray, since these may be more easily affected by en-
vironmental effects (also see W19; Wang & Lilly 2020b).
Readers are invited to consult figure 9 in W19 and figures
15 and 17 in Wang & Lilly (2020b) for further insights
into the variations of ΣSFR.
As a whole, the ratio σ(∆Zgas)/σ(∆ΣSFR) increases
quite sharply with the inferred gas depletion time for
both the metallicity indicators. This is individually true
for each the five stellar mass bins (where it reflects radial
changes) except for the highest stellar mass bin for Zgas-
DOP16 and it is true when comparing galaxies of differ-
ent stellar masses. These trends reflect quantitatively a
combination of the effects that are seen in Figures 14 and
15 of this paper and figure 5 of W19. It should however
be noted that the dispersions σ are calculated using the
individual galaxies whereas these figures plot the median
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Fig. 16.— Left panel: The ratio of σ(∆Zgas)-DOP16 to σ(∆ΣSFR) as a function of τdep derived using the extended Schmidt law (Shi et al.
2011), based on the MaNGA galaxies. The different colors represent different stellar mass bins, as denoted in the top-left corner. Data
points with the radius larger than Re, are indicated in gray. The uncertainties are measured by bootstrap method. Right panel: The same
as the left panel, but using Zgas-PG16.
values within the four bins of ∆SFR, and so are not di-
rectly comparable. We have discussed the particular case
of the highest mass bin for Zgas-DOP16 in Section 5.2.
It is again clear that the dispersions σ(∆Zgas) obtained
using the different metallicity estimators differ by a fac-
tor of two, reflecting their two-fold difference in range
within the sample. In the absence of a reliable reason to
prefer one over the other, this makes any precise quan-
titative comparison with the predictions of the simple
gas-regulator model (see Figure 3) impossible. However,
three points may be made, independent of the choice of
estimator.
First, both metallicity estimators show about a factor
of four increase in the ratio σ(∆Zgas)/σ(∆ΣSFR) as the
inferred gas depletion timescale increases by an order of
magnitude from log τdep ∼ 8.8 to 9.8. This is as expected
for variations in inflow rate (around log ξ ∼ 0) and quite
opposite to the trend expected for variations in SFE,
which would have predicted a decrease in this ratio as
the gas depletion timescale increases.
Recalling that ξ = 2piτdep,eff/Tp, we may infer (1 +
λ)Tp/2pi ∼ 9.5 − 9.8, or driving periods of the inflow of
Tp of a few to several Gyr, by matching Figure 16 with
the left panel of Figure 3. This is broadly consistent with
the independent argument presented in Wang & Lilly
(2020b) that the variation of ∆sSFR is mainly produced
by a variation of inflow rate on relatively long timescales.
The driving period of inflow appears to be considerably
longer than the period of the temporal variations in SFE
discussed in Section 4.3.
Second, it can be seen that at a given gas depletion
time (stellar surface mass density), more massive galax-
ies tend to have a lower value of σ(∆Zgas)/σ(∆ΣSFR).
This could possibly reflect the quite plausible expecta-
tion that more massive galaxies might well have higher
Z0/yeff than less massive galaxies due to either a lower
wind-mass loading λ or a higher inflow metallicity Z0,
leading to a reduction in σ(∆Zgas)/σ(∆ΣSFR), as shown
in Figure 3.
Finally, it is noticeable that, even with the larger range
of the Zgas-DOP16, the ratio of σ(∆Zgas)/σ(∆ΣSFR)
never exceeds unity, the maximum value permitted by
the gas-regulator model, as shown in Figure 3.
6. DISCUSSION
6.1. The scale effect of ∆sSFR-∆Zgas relation
In this work, we find that on ∼100 pc scales within in-
dividual galaxies, the local ∆Zgas appears to positively
correlated with the local ∆sSFR, while when looking
into the integrated quantities of the same galaxies across
the galaxy population, the ∆Zgas is found to be neg-
atively correlated with ∆sSFR. These results are quite
consistent with previous findings, as discussed in Sec-
tion 1. Specifically, based on the ∼1000 SAMI galaxies,
Sa´nchez et al. (2019) found the ∆sSFR and ∆Zgas (de-
fined in a similar way as in the present work) show a neg-
ative correlation across the galaxy population for a wide
range of metallicity indicators with the correlation coef-
ficient between −0.32 to −0.14. At highly-resolved scale
(∼100 pc), many authors have found that regions with
strongly enhanced star formation show enhanced gas-
phase metallicity (e.g. Ho et al. 2018; Erroz-Ferrer et al.
2019; Kreckel et al. 2019). Our results are consistent
with these previous results.
The opposite sign of the correlation between ∆sSFR
and ∆Zgas on 100-pc (GMC-scales) and on galactic-
scales and large sub-galactic scales indicates that dif-
ferent physical processes regulate the star formation
and chemical enhancement on these different scales in
the context of the gas-regulator framework. A positive
∆sSFR-∆Zgas relation arises driving the gas-regulator
with time-varying SFE(t), and a negative ∆sSFR-∆Zgas
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relation is the result of driving it with a time-varying
inflow rate. A time-varying SFE(t) at ∼100 pc scale
(see Kruijssen et al. 2019; Chevance et al. 2020), and a
time-varying inflow rate at galactic scale (see Wang et al.
2019; Wang & Lilly 2020a), are also suggested by other
recent works.
In this work, we have not examined the intermediate
scales of, say, 1 kpc. However, it is not difficult to infer
that, as the scale is increased, the effect of time-varying
SFE(t) becomes weaker and that of time-varying inflow
rate becomes stronger. This is likely the reason that
at ∼1 kpc scale, the correlation between ∆sSFR and
∆Zgas is weaker or even disappeared, as seen by previ-
ous works (Moran et al. 2012; Barrera-Ballesteros et al.
2017; Berhane Teklu et al. 2020).
6.2. What determines the gas-phase metallicity?
As shown in Equation 23, the metallicity of the steady
state (constant inflow rate and constant SFE) is only
determined by the metallicity of the inflow gas Z0 and
the effective yield including the effects of any wind,
y(1 + λ)−1. These two parameters are expected to be
strongly correlated with the global stellar mass, in the
sense that, the Z0 increases with stellar mass, and the λ
decreases with stellar mass. This is probably the origin
of the observed mass-metallicity relation. In addition, we
emphasize that the Zgas does not depend on the absolute
value of SFE or inflow rate, but depends on the change
(with time) of it, under the gas-regulator model frame.
Based on the analysis of the present work (and also
some previous works), the so-called “fundamental metal-
licity relation” is clearly not valid at sub-kpc scales. In
the gas-regulator framework, we predict that the mass
of the gas reservoir is always negatively correlated with
Zgas (see Figure 1 and 2), regardless of the driving
mechanisms by time-varying SFE or time-varying in-
flow rate. Observationally, Bothwell et al. (2013) and
Bothwell et al. (2016) found that the cold gas mass ap-
pears is more fundamental in determining the MZR than
SFR, for both atomic and molecular gas, consistent with
this picture. In this sense, the mass of gas reservoir is
a better secondary parameter than SFR in determining
the metallicity across the GMC-scale to galactic scale.
The importance of the SFR is that, in studying the
correlation between ∆SFR and ∆Zgas (as in this paper)
we can distinguish the underlying physical processes that
are driving variations in gas content, SFR and metallic-
ity, even for individual galaxies. Specifically, even though
the negative ∆SFR vs. ∆Zgas relation across the galaxy
population indicates that time-varying inflow is the main
driver of variations in SFR, it is completely possible that
in some particular galaxies, existing reservoirs of cold gas
are undergoing strong gravitational instability, leading to
a temporary increase in their SFE.
For instance, Jin et al. (2016) identified 10 SF galax-
ies with kinematically misaligned gas and stars from
MaNGA survey. These galaxies have intense on-going
star formation and high gas-phase metallicity in their
central regions with respect to normal SF galaxies, which
can be easily interpreted as evidence of a temporary in-
crease in SFE due to gas-gas collision between the pre-
existing gas and the misaligned inflowing gas.
6.3. The variability of SFR and gas-phase metallicity
In addition to the correlation between ∆SFR and
∆Zgas, we have also predicted the correlation between
the dispersions of them within a population in the gas
regulator framework, shown in Equations 15 and 16 (or
Equation 20 and 21). This can be directly compared with
the observations and puts further constraints on the vari-
ability of inflow rate or SFE on different physical scales.
As pointed out in W19 and Wang & Lilly (2020a),
when driving the gas-regulator with time-varying inflow
rate, the amplitude of the variations in SFR is reduced
from the amplitude of variations in the inflow rate by
a frequency-dependent (ν = 1/Tp) response curve, i.e.
Equation 15 or equation 9 in W19. In other words, for
a given inflow rate with any given PSDΦ(ν), the power
spectral distribution of the resulting SFR, PSDSFR(ν),
can be written as:
PSDSFR(ν) =
σ2(log SFR)
σ2(logΦ)
· PSDΦ(ν)
=
1
1 + ξ2
· PSDΦ(ν)
=
1
1 + (2piτdep,effν)2
· PSDΦ(ν).
(29)
This is because any given inflow rate Φ(t) can be writ-
ten as the linear combination of different sinusoidal com-
ponents with different frequencies by Fourier transform
(also see Tacchella et al. 2020). The Equation 29 the-
oretically predicts the connection between the PSDs
of logSFR and logΦ, when driving the gas-regulator
with time-varying inflow rate and time-invariant SFE.
By using the SFR measured on different timescales,
Wang & Lilly (2020a) have constrained the PSD of the
variations in ∆sSFR(t), i.e. the movement of galaxies
up and down relative to the SFMS. We found that, if
scaling the frequency with the effective depletion time
τdep,eff, the returned PSDs for different radial bins and
stellar mass bins largely overlap each other.
In the same way, when driving the gas-regulator with a
time-varying inflow rate, the relation between the PSDs
of SFR(t) and Zgas(t) can be written as:
PSDZ(ν) =
σ2(logZ)
σ2(log SFR)
· PSDSFR(ν)
=
ξ2
1 + ξ2
· 1
(1 + Z0/yeff)2
· PSDSFR(ν)
=
1
1 + (2piτdep,effν)−2
· 1
(1 + Z0/yeff)2
· PSDSFR(ν).
(30)
We note that Equation 29 and 30 are applicable when
the variation of inflow rate is dominant, i.e. on galactic
scales. These two equations predict the link between the
variability of inflow rate, SFR and gas-phase metallicity,
which opens a new perspective to study the interplay
between gas accretion, star formation, and chemical en-
hancement of galaxies.
At the smaller 100-pc (GMC) scale, the variation of
SFE(t) becomes dominant. In the similar way, accord-
ing to Equation 20 and 21, we can write the correlation
between the PSDs of SFR(t) and SFE(t), and the corre-
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lation between the PSDs of Zgas(t) and SFR(t) as:
PSDSFR(ν) =
1
1 + (2piτdep,effν)−2
· PSDSFE(ν) (31)
and
PSDZ(ν) =
1
1 + (2piτdep,effν)2
· 1
(1 + Z0/yeff)2
·PSDSFR(ν).
(32)
Equation 31 and 32 provide clues in understanding
the GMC-scale physics of gravitational instability of gas
clouds, the triggering of star formation and chemical en-
hancement of HII regions.
It is not easy to measure the variability of SFR and
Zgas from observations up to now, while it is definitely
feasible from the hydro-dynamical simulations. Our sim-
ple theoretical model potentially provides the guidance
for the improvements of the baryon physics at both galac-
tic scale and GMC scale in the hydro-dynamical simula-
tions.
6.4. Caveats
In Section 2.2 (or Section 2.3), we always explore the
effects of time-varying inflow rate (or SFE) while assum-
ing the other to be time-invariant. However, we note
that in the real universe, both inflow rate and SFE could
vary with time simultaneously. On galactic scales, the
negative correlation between ∆sSFR and ∆Zgas in the
observations indicates that time-varying inflow rates are
dominant. However, this does not means that the SFE is
fully time-invariant at galactic scale for all SF galaxies.
Actually, as also mentioned in Section 6.2, the SFE may
be temporally enhanced in some galaxies, due to some
physical processes, such as a merger or interaction with
close companions. At the small 100-pc scale, although
the variation of SFE is dominant, we can probably ignore
the possible variation of inflow rate for different regions
within individual galaxies. In addition, we do not con-
sider other feedback processes of star formation in the
model, except for the outflow, which is assumed to be
simply proportional to the SFR.
In the model, we assume that the yield y of metals
is uniform both within galaxies and across the galaxy
population. The yield y is closely related with the rela-
tive number of Type II supernova, and therefore to the
IMF. In the real universe, the IMF may be different from
galaxy to galaxy, or even different in different parts of
the same galaxy. Indeed, by using a sensitive index of
the IMF, 13CO/C18O, Zhang et al. (2018) found that
the IMF in dusty star-burst galaxies at redshift ∼2-3
may be more top-heavy with respect to Chabrier (2003)
IMF. The top-heavy IMFs would result in larger y than
the bottom-heavy IMF, which increases the complexity
of understanding the metal enhancement process by star
formation.
In Section 4, we presented the observational results
obtained using N2S2Hα and Scal metallicity indicators.
The two indicators produce broadly consistent results.
As discussed in Section 3.3, these two indicators, pro-
posed by DOP16 and PG16 respectively, offer significant
improvements and advantages over the previous indica-
tors, like N2 and O3N2. However, we note that when using
O3N2, the derived results differ in part from those pre-
sented here. Specifically, a negative correlation between
∆sSFR and ∆Zgas across the MaNGA galaxy population
can be still seen with O3N2, while the ∆sSFR-∆Zgas re-
lation of individual spaxels for MAD galaxies is found to
depend quite strongly on stellar mass. For galaxies with
stellar mass above ∼ 1010.5M⊙, the ∆sSFR and ∆Zgas
of spaxels show positive correlation, which is similar to
the results based on N2S2Hα and Scal. But for galaxies
with stellar massed below ∼ 1010.5M⊙, the correlation
between ∆sSFR and ∆Zgas of spaxels becomes negative,
different from the results of N2S2Hα and Scal shown in
this paper. This may be due to the fact that both the
N2S2Hα and Scal indicators break the degeneracy be-
tween metallicity and ionization parameter. Although
we prefer to use the N2S2Hα and Scal indicators, we
mention this alteration of the results with using O3N2
here for those readers who may prefer that metallicity
indicator.
In the present work, we have only compared the obser-
vational results on low redshift galaxies with the model
predictions. However, we note that our model predic-
tion is also suitable for the high-redshift galaxies. One
may expect to push the analysis in the current work to
high-redshift in the near future, based on near-infrared
spectroscopic galaxy surveys with the JWST.
7. SUMMARY AND CONCLUSIONS
The present work consists mainly of two parts. One is
the theoretical prediction of the correlation between SFR
and gas-phase metallicity in the gas-regulator framework
(see Section 2). The other is the study of this correlation
directly from the observation and the comparison of the
results with the model predictions (see Section 4 and 5).
We may summarize the results of these two parts in the
following.
The gas-regulator model is based on the interplay be-
tween inflow, outflow and star formation, assuming that
the star formation is instantaneously determined by the
mass of cold gas reservoir (Lilly et al. 2013; Wang et al.
2019). According to the continuity equations for the
mass of metals and of the gas reservoir, we build the
two basic continuity equations, shown in Equation 2 and
Equation 3. There are in total five quantities that de-
termine the solution of the equations, which are the (as-
sumed here varying) inflow rate Φ(t) and SFE(t), and the
(assumed here constant) mass-loading factor λ, metallic-
ity of inflow gas Z0 and the yield y. Once these five
quantities are input, the solution of SFR(t), Mgas(t) and
Zgas(t) are unique. The model predictions are listed be-
low.
• When driving the gas-regulator system with a si-
nusoidal inflow rate and a time-invariant SFE, the
resulting SFR(t), Mgas(t) and MZ(t) are also in
the form of an exact sinusoidal function with time,
but with some phase-delay to the inflow rate (see
Equation 6 and 9). The ∆SFR and ∆Zgas, defined
as log SFR(t)/〈SFR〉 and logZ(t)/〈Z〉, are found to
be negatively correlated, and the ratio of σ(∆SFR)
to σ(∆Zgas) increases with increasing ξ, defined
in terms of the effective gas depletion timescale
to be 2piτdep,eff/Tp (see Equation 16). If the gas-
regulator is driven by a periodic step-function in
the inflow rate, a similar negative correlation be-
tween ∆SFR and ∆Zgas is produced.
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• When driving the gas-regulator system with a si-
nusoidal SFE and time-invariant inflow rate, the
resulting SFR(t), Mgas(t) and MZ(t) can be solved
approximately by a sinusoidal function if the vari-
ation of SFE is small (see the approximate solu-
tion in Equation 18 and 19). Opposite to the
case of time-varying inflow rate, the ∆SFR and
∆Zgas are now positively correlated, and the ra-
tio of σ(∆SFR) to σ(∆Zgas) decreases with in-
creasing ξ (see Equation 21). When driving the
gas-regulator with a periodic SFE in the form of
step-function, we find the positive correlation be-
tween ∆SFR and ∆Zgas becomes less significant
with respect to the case of sinusoidal SFE. How-
ever, one thing is clear: the states with highly en-
hanced SFR are always metal-enhanced with re-
spect to the mean metallicity.
• Regardless of whether the gas regulator is driven
with time-varying inflow or time-varying SFE, the
∆Mgas is always predicted to be negatively corre-
lated with ∆Zgas (see Figure 1 and Figure 2).
• The scatter of ∆Zgas always decreases with in-
creasing Z0/yeff , where the yeff is defined as the
y(1+λ)−1 (see Equation 16, Equation 21 and Fig-
ure 3).
• The mean SFR is determined by the mean inflow
rate and mass-loading factor, and the mean metal-
licity is determined by the Z0 + yeff (see Equation
22 and 23). The resulting Zgas does not depend on
the SFE (or inflow rate) itself, but does depend on
the temporal changes of it.
The key point is that a time-varying inflow rate leads
to the opposite correlation between ∆SFR and ∆Zgas
from that produced by a time-varying SFE. Therefore,
studying the ∆SFR-∆Zgas relation in the observation
on different spatial scales can in principle directly dis-
tinguish the driving mechanisms of the variation of star
formation and gas-phase metallicity in galaxies.
We then utilize the two-dimensional spectroscopic
data of 38 SF galaxies from the MAD survey
(Erroz-Ferrer et al. 2019), as well as a well-defined SF
sample of ∼1000 galaxies from MaNGA survey (W19).
The spatial resolution of MAD galaxies is∼100 pc or less,
while the spatial resolution of MaNGA galaxies is 1-2
kpc. The MAD sample enables us to study the ∆SFR-
∆Zgas relation down to 100-pc (GMC) scales, while the
large sample size of MaNGA enables us to statistically
study the ∆SFR-∆Zgas relation at galactic or large (ra-
dial) sub-galactic scales across the galaxy population.
The SFR is measured based on the dust attenuation cor-
rected Hα luminosity (Kennicutt 1998). The two ver-
sions of gas-phase metallicity are measured by adopting
two recently-developed indicators: N2S2Hα (DOP16) and
Scal (PG16), which represent improvements and advan-
tages over the previously widely-used indicators. The
results of these two metallicity indicators are very simi-
lar. Here we summarize the main observational results,
which are valid for both these metallicity indicators.
• Consistent with previous studies, we find that
MAD galaxies generally show a positive sSFR pro-
file, confirming an inside-out growth scenario. As a
whole, the gas-phase metallicity increases strongly
with stellar mass, and decreases with galactic ra-
dius within individual galaxies, as expected.
• At ∼100 pc scale in MAD galaxies, we find that
∆sSFR and ∆Zgas are positively correlated. This
positive correlation shows little or no dependence
on the global stellar mass.
• At galactic and sub-galactic scales, we find in con-
trast that ∆sSFR and ∆Zgas are negatively cor-
related across the galaxy population. This is true
for both MAD and the larger MaNGA samples.
The correlation between ∆sSFR and ∆Zgas shows a
strong dependence of global stellar mass and galac-
tic radius.
• At the ∼100 pc scale, the ratio of σ(∆Zgas) to
σ(∆ΣSFR) show almost no dependence on the
global stellar mass. However, at galactic or sub-
galactic scale, the σ(∆Zgas)/σ(∆ΣSFR) increases
with the inferred gas depletion time (inferred
from the surface mass density using the extended
Schmidt law). At fixed gas depletion time, the
σ(∆Zgas)/σ(∆ΣSFR) appears to be smaller for
galaxies of higher stellar mass.
We interpret the observational results in the frame of
the gas-regulator model. The overall increase of Zgas
with global stellar mass and the decrease of Zgas with
galactic radius, can be well explained as the mass and
radial dependence of the metallicity of inflow gas Z0 and
the mass-loading factor λ. At 100-pc scales, the posi-
tive correlation between ∆sSFR and ∆Zgas indicates that
the time-varying SFE plays a dominant role in govern-
ing the star formation and metal enhancement. This is
also consistent with the fact that the variation of SFE
increases strongly towards smaller scale (Kreckel et al.
2018; Chevance et al. 2020) and is likely caused by the
passage of orbiting gas through regions of higher SFE,
such as spiral arms. At galactic or sub-galactic scales,
the negative correlation indicates that the time-varying
inflow rate plays a dominant role.
In addition, the variation of ∆sSFR and ∆Zgas as a
function of gas depletion time are in quite good agree-
ment with the model predictions. This strongly strength-
ens the conclusion that on galactic scales the star forma-
tion and metal-enhancement is primarily regulated by
the time-varying inflow rate of gas from the surrounding
medium.
We emphasize that the sign of the correlation between
gas-phase metallicity and SFR is a powerful diagnostic
of the driving mechanisms of star formation. Our study
provides a new perspective in understanding the corre-
lation between star formation rate, gas-phase metallicity
and mass of cold gas reservoir, that is applicable from 100
pc-scales up to galactic scales, from individual galaxies
up to the overall galaxy population, and at both low and
high redshifts.
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APPENDIX
A. THE DETAILED DERIVATION OF σ(logZ)/σ(log SFR).
In Section 2.2, we have presented the analytic solution of the continuity equations for SFR(t), Mgas(t), and Zgas(t)
when driving the system with sinusoidal inflow rate and time-invariant SFE. We have also presented the approximate
analytic solution for σ(log SFR)/σ(log Φ), and σ(logZgas)/σ(log SFR) in Equation 15 and Equation 16. Here we
present the detailed derivation of them. In this process, we assume the variation of inflow rate is a small perturbation,
i.e. Φt ≪ Φ0. According to the Taylor expansion, the log(1 + x) can be written as x − x2/2 + x3/3 − x4/4 + · · · .
Therefore, the log SFR(t) can be written as:
log SFR(t) = log[SFE ·Mgas(t)]
= log(SFE ·M0) + log[1 + Mt
M0
sin(2pit/Tp − δ)]
≈ log(SFE ·M0) + Mt
M0
sin(2pit/Tp − δ)
(A1)
Here we ignore the second-order terms or higher. Since σ(X) = Var(X)1/2 = [E(X2) − E(X)2]1/2 with the Var(X)
denoting the variance of X and E(X) denoting the expected value of X , we can rewrite the σ(log SFR) as:
σ(log SFR) ≈ σ(Mt
M0
sin(2pit/Tp + δ))
= [E(
M2t
M20
sin2(2pit/Tp − δ))]1/2
=
1√
2
· 1
(1 + ξ2)1/2
Φt
Φ0
.
(A2)
In the same way, the σ(log Φ) can be written as:
σ(log Φ) ≈ 1√
2
· Φt
Φ0
. (A3)
Therefore, we can obtain the approximate solution of σ(log SFR)/σ(logΦ) (also see Equation 15):
σ(log SFR)
σ(log Φ)
≈ 1
(1 + ξ2)1/2
. (A4)
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According to Equation 5, the logZ(t) can be written as:
logZ(t) = log[MZ(t)/Mgas(t)]
= log
MZ0
M0
+ log[1 +
MZt
MZ0
sin(2pit/Tp − β)]− log[1 + Mt
M0
sin(2pit/Tp − δ)]
≈ log MZ0
M0
+
MZt
MZ0
sin(2pit/Tp − β)− Mt
M0
sin(2pit/Tp − δ)
(A5)
Therefore, σ(logZ) can be written as:
σ(logZ) ≈ σ(MZt
MZ0
sin(2pit/Tp − β)− Mt
M0
sin(2pit/Tp − δ)) (A6)
Since Var(X − Y ) = Var(X)+Var(Y )− 2Cov(X,Y ) with the Cov(X,Y ) denoting the covariance of X and Y , then
we have
σ2(log Z) ≈ Var(MZt
MZ0
sin(2pit/Tp − β)− Mt
M0
sin(2pit/Tp − δ))
= Var(X) +Var(Y )− 2Cov(X,Y ),
(A7)
where we let X = MZt/MZ0 · sin(2pit/Tp − β) and Y = Mt/M0 · sin(2pit/Tp − δ). We then solve Var(X), Var(Y ) and
Cov(X,Y ) separately. Similar to Equation A2, we can write the Var(X) and Var(Y ) as:
Var(X) = E[
M2Zt
M2Z0
sin2(2pit/Tp − β)]
=
1
2
· M
2
Zt
M2Z0
=
1
2
· 1 + η
2
(1 + ξ2)2
· Φ
2
t
Φ20
,
(A8)
where η is defined in Equation 11, and
Var(Y ) = E[
M2t
M20
sin2(2pit/Tp − δ)]
=
1
2
· M
2
t
M20
=
1
2
· 1
1 + ξ2
· Φ
2
t
Φ20
.
(A9)
The Cov(X,Y ) can be written as:
Cov(X,Y ) = E(XY )−E(X)E(Y ) = E(XY )
=
MZt
MZ0
· Mt
M0
·E[sin(2pit/Tp − β) · sin(2pit/Tp − δ)]
=
MZt
MZ0
· Mt
M0
·E[cos2(2pit/Tp) · sinβsinδ + sin2(2pit/Tp) · cosβcosδ]
=
1
2
· MZt
MZ0
· Mt
M0
· (sinβsinδ + cosβcosδ)
(A10)
Inserting the solutions of Mt/M0, MZt/MZ0, β, and δ from Equation 6 and 9 into Equation A10, the Cov(X,Y ) then
can be simplified as:
Cov(X,Y ) =
1
2
1 + ηξ
(1 + ξ2)2
· Φ
2
t
Φ20
. (A11)
Inserting Equation A8, A9 and A11 into Equation A7, we can obtain the approximate solution of σ(logZ) as:
σ(logZ) ≈ 1√
2
ξ − η
1 + ξ2
· Φt
Φ0
=
1√
2
ξ
1 + ξ2
· 1
1 + Z0/yeff
· Φt
Φ0
(A12)
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Fig. 17.— This figure is the same as the panel (a), (b) and (c) of Figure 9, but the definition of ∆Zgas and ∆sSFR is based on the stellar
surface density, rather than the galactic radius.
We therefore have the solution of σ(logZ)/σ(log SFR) (also see Equation 16):
σ(logZ)
σ(log SFR)
≈ ξ
(1 + ξ2)1/2
· 1
1 + Z0/yeff
. (A13)
In the same way as before, we can also obtain the approximate solutions of σ(log SFR)/σ(log SFE) and
σ(logZ)/σ(log SFR) when driving the gas-regulator with sinusoidal SFE and time-invariant inflow rate (see Equa-
tion 20 and Equation 21). Here we do not present the details of derivation. Although we assume the variation of
inflow rate (or SFE) is a small perturbation in the derivation, we note that the analytic solutions are not bad approxi-
mations even for the cases that the variation of inflow rate (or SFE) is quite significant, as confirmed by the numerical
solutions.
B. DEFINING THE ∆SSFR AND ∆Z OF THE SPAXELS USING Σ∗ FOR MAD GALAXIES
In Section 4.1, we defined the ∆sSFR and ∆Zgas of individual spaxels based on the sSFR and Zgas profiles of each
MAD galaxies. However, some authors have argued that the resolved sSFR-Σ∗ relation is more fundamental than
the global SFR-M∗ relation (e.g. Barrera-Ballesteros et al. 2017; Liu et al. 2018; Erroz-Ferrer et al. 2019). Here we
re-examine our basic result by using the sSFR-Σ∗ relation to define the ∆sSFR and ∆Zgas of individual spaxels.
Specifically, we first define a sSFR-Σ∗ (or Zgas-Σ∗) relation for each individual MAD galaxy by linearly fitting all the
valid spaxels. Then, for each spaxel of a given MAD galaxy, the ∆sSFR (or ∆Zgas) is the vertical deviation from the
fitted sSFR-Σ∗ (or Zgas-Σ∗) relation of this galaxy.
Figure 17 (or Figure 18) is the same as the panel (a), (b) and (c) of Figure 9 (or Figure 10), but defining the ∆Zgas
and ∆sSFR with the stellar surface density rather than the galactic radius. According to panel (c) of Figure 17, for
most of individual MAD galaxies, the sSFR decreases with increasing Σ∗, consistent with a positive radial gradient of
sSFR. The Zgas appears to increase significantly with global stellar mass between the galaxy population, and within
individual MAD galaxies, the metallicity increases with increasing Σ∗, consistent with a negative radial gradients of
Zgas. As discussed in Section 4.2, this dependence of Zgas on stellar mass or stellar surface density can be interpreted
as the mass dependence of the metallicity of inflow gas Z0 and the mass-loading factor λ, under the gas-regulator
frame.
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Fig. 18.— The same as Figure 17, but using Zgas-PG16.
According to panel (a) and (b) of Figure 17 (or Figure 18), a clear positive correlation between ∆sSFR and ∆Zgas
can be seen. This is true even for individual MAD galaxies (with one or four exceptions for N2S2Hα or Scal indicators).
We argue that our result is robust, regardless of whether we define the ∆sSFR and ∆Zgas with Σ∗ or galactic radius.
As pointed out in Section 4.2, this result supports that at ∼100 pc scale, the star formation and metal-enhancement
is primarily driven by the time-varying SFE.
